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Abstract

Utility-scale renewables, wind and solar, are already becoming cheaper than power

from the conventional fossil-fuel sources. Their further penetration for achieving the

goal of 100% carbon-free electricity will be stalled unless their cost and efficiencies are

further improved. Power electronic interfaces enabling their grid integration should pro-

vide ancillary services to keep the grid stable. In addition, it has become the norm to

be able to integrate multiple heterogenous forms of energy through a common inter-

face scheme and thus achieve higher power densities. The power electronic interface in

this research serves these purposes for the integration of renewables and storage to the

medium voltage grid between 5 kV − 34.5 kV .

A Power Electronic Transformer (PET) topology involving direct back-to-back connec-

tion of Modular Multilevel Converters (MMCs), where one of the MMCs is connected

to the grid and the other called High-Frequency MMC (HF-MMC) is connected to a

step-down HF transformer, is studied in this dissertation. The low-voltage (LV) side

of the HF transformer is connected to another back-to-back arrangement of two-level

voltage source converters (2L-VSCs) for extracting power from renewables such as wind.

The proposed interface is based on a modular topology to render it highly reliable,

in conjunction with a high-frequency transformer which can be lighter in weight by a

factor of 150 compared to the line-frequency transformer. It can provide ancillary ser-

vices and control flexibility to offer ”smart” solutions to maintain grid stability even

when the penetration of renewables begins to approach conventional sources.

Specifically, the contributions of the dissertation in making the interface deployable

in the industry are as stated below.

The modeling, design, control, and operation of the proposed interface scheme have been

presented and validated through OPAL-RT-based Hardware-In-Loop simulations, MAT-

LAB/ SIMULINK simulations, and results from the experimental hardware prototype.

The PWM switching ripples across the dc link have been quantitatively characterized

and investigation of their propagation in the dc-link control schemes has been per-

formed. Harmonic analysis and online optimization-based control schemes to improve

the efficiency of power transfer across the high-frequency link have been presented. The

iv



DC side model of the HF-MMC which unveils the sensitivity of HF-MMC to voltages at

frequencies other than dc being injected at the dc link is developed. The potential for

virtual inertia with the proposed PET interface has been identified along with formu-

lating associated control schemes for inertial support to the grid. Finally, an invention

of a power converter topology employing several modular high-frequency transformers

with drastically reduced voltage stresses and with multiple parallel power transfer paths

has been made to improve on the initial architecture under study. This novel power

conversion architecture achieves the critical objective of unifying dispatchable forms of

power such as storage and the highly intermittent forms of energy such as wind and

solar.
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Chapter 1

Introduction

With the looming climate crisis becoming ever more pressing by the day, the necessity

to curtail the presence of greenhouse gases has become one of the most urgent ones

among the landscape of global risks in the coming ten years as shown in Fig.1.1[1].

Figure 1.1: Global Risks Landscape [1]

The actual global temperature rise closely follows the trend under the influence of

green house gases alone as shown in Fig.1.2[2].
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Figure 1.2: Global average temperature rise under the influence of greenhouse gases[2]

Fortunately, renewable energy sources such as wind and solar power present a solu-

tion. Levelized Cost of Energy (LCOE) trends of these energy sources clearly indicate an

equally optimistic alternative path for mitigating humanity’s energy crisis as observed

from Fig.1.3[3].

Figure 1.3: Estimated levelized cost of electricity (unweighted average) for new

generation resources entering service in 2022 (as of 2017 in $/MWh)[3]

The increasing penetration of these green energy sources into the grid and shown in

Fig.1.4 make it apparent that they are sparking off a revolution in the energy sectors of

the nations all over the world[5].
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(a) (b)

Figure 1.4: Installations of wind and solar power across different countries as of 2017

[4]

In the United States for example, Xcel energy has recently embarked upon building

a 600MW wind facility in Colorado which would meet 55% of the state’s energy needs[6].

This is in addition to other new wind energy projects proposed for construction in the

southern parts of Minnesota and in North and South Dakota which totals to about 3700

MW of additional wind installations in the next 4 years[6]. With such a drastic addition

of installation of these renewable energy sources, there is still a need to provide a reliable

and cost-effective infrastructure to tap their full potential. MIT Technology Review has

observed that the “Renewables are outgrowing their grids” in Germany and China[7].

It has been reported that China has been adding solar power installations so fast that

it can’t make use of as much as 50 percent of the energy being generated in some

provinces[7]. Thus, storage plays a crucial role in the realm of wind and solar energy

going forward. In addition, grid stability and other ancillary services that their power

converters are required to provide to support the grid have driven a major research

effort by power engineers to make energy sustainability a reality.
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As seen above, utility-scale renewables, wind and solar, are already becoming cheaper

than power from the conventional fossil-fuel sources. Their further penetration for

achieving the goal of 100% carbon-free electricity will be stalled unless their cost and

efficiencies are further improved. They should provide ancillary services to keep the grid

stable. In addition, it has become the norm to be able to integrate multiple heterogenous

forms of energy through a common interface scheme and thus achieve higher power

densities. The power electronic interface in this research serves these purposes for

the integration of renewables and storage to the medium voltage grid between 5 kV −
34.5 kV . The power conversion architectures presented achieve the critical objective of

unifying dispatchable forms of power such as storage and the highly intermittent forms

of energy such as wind and solar.

1.1 Background

1.1.1 Present Interfaces using a 60-Hz Transformer

The present methods of interfacing renewables, based on 60-Hz transformers are dis-

cussed below in wind, PVs and battery-storage applications.

Wind-Turbine Interface

To illustrate this, consider Fig.1.5 which shows a typical arrangement of components,

for example, in a 2.3 MW wind turbine from Siemens[8, 9]. It shows a low-voltage

690-V generator in the nacelle that produces variable-frequency voltages and currents

depending on wind speeds, where over two-thousand amperes of current flows through

nearly a 100m long cable, thick enough to handle this current. These variable-frequency

voltages/currents are converted by the power electronics converter, shown in Fig.1.9 by

its block-diagram, at the base of the tower to constant amplitude ( 700 V) and 60-Hz

sinusoidal voltages that are boosted to 34.5 kV by a 60-Hz transformer weighing nearly

7 tons at these power levels.
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Figure 1.5: Typical grid interface of wind turbines

In a wind plant, now as large as 800 MW[10], hundreds such wind turbines are

connected to an underground collection grid at a voltage of 34.5 kV, which has become

a de facto collection grid voltage level. Subsequently, another transformer boosts this

voltage to 161 kV, for example, for transmission purposes. Some companies are now

opting to put the power electronics converter and the 60-Hz transformer in the nacelle

so that only a small amount of current needs to be carried by the 100m long cable. But

it requires a heavy 7 ton transformer to be located in the nacelle, putting additional

burden on the tower structure and the foundation and thus increasing their cost.

Photovoltaic Applications

Fig.1.6 shows a typical topology for a 550 MW PV plant built by First Solar, Inc[11]. It

shows that power from a large array of PV modules, each operating at their maximum

power point (MPP), is collected at 1,000 V (dc) which is interfaced through a power

electronics converter and a 60-Hz transformer to the grid voltage of 34.5 kV.
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Figure 1.6: First Solar Inc.’s 550 MW PV Plant

Battery-Storage Application

An interface, similar for wind and PVs, but with bi-directional power-flow capability,

is used for large-scale battery storage facilities, e.g., Xcel Energy’s 1 MW, 7.2 MWh

battery facility built in Lavern, MN[12] and shown in Fig.1.7.

Figure 1.7: Xcel Energy battery facility

1.1.2 High-Frequency (HF) Transformers versus 60-Hz Transformers

Figure 1.8: High Frequency versus a 60-Hz Transformer[4]

Compared to 60-Hz transformers, high-frequency (HF) transformers operating at 20

kHz, for example, can be significantly smaller and lighter by a factor of 150[4], as
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depicted in Fig.1.8. This size reduction also implies a significant reduction in the amount

of copper and the core material needed. The core of HF transformers is made up

of a nano-crystalline material such as FINEMET[13] that is ideal because of its high

permeability, high saturation flux-density, and very low core-loss at frequencies of 20 kHz

or so at which these transformers are likely to operate at high power-levels. The cost of

such material will reduce in large-volume production since no exotic material is required.

It is important to note that the losses shown in Fig.1.8 in the HF transformer (3 kW)

are only one-tenth of those in a comparable 60-Hz transformer ( 30 kW). Therefore, it

is expected that the overall losses, including those in power electronic converters needed

on both sides of the HF transformer, will be lower than in a 60-Hz transformer.

1.1.3 A cost-effective and novel solution for the Utility-Scale Integra-

tion of Wind/Solar:

Present wind turbine integration schemes use a 60-Hz transformer to interface the gen-

erator and the power electronic converter at voltages around 1 kV to the collection grid

with voltages of 34.5 kV as shown in Fig.1.9.

60 Hz 
Transformer 5-60 Hz

>5 kV, 
60 Hz

Grid
~1 kV

~1 kV

Wind Generator

Figure 1.9: Present Grid Interface Scheme of Wind Turbines

This scheme results in high currents of the order of kilo-Amperes in the long cables

from the nacelle to ground where the power electronic converter and the heavy 60 Hz

transformer are located[8, 9]. To reduce the weight of the transformer by a factor of one-

hundred or more[4] so that it can be placed in the nacelle along with the converter, thus

avoiding the losses in cables 300 meters or so in length, a novel scheme employing power

electronic transformer (PET), as shown fig. 2 has been proposed[14, 15, 16, 17, 18].
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HF Transformer
~1 kV> 5 kV>5 kV,60 Hz

Grid

5-60 Hz
~1 kV

Wind Generator

MMC MMC

Figure 1.10: The proposed Back-to-Back MMC-PET based Interface

This solution based on Modular Multilevel Converters(MMCs) involves modular

cascaded connection of solid-state devices which reduces the high-frequency transformer

dv/dt stresses, has very low harmonic content in the output voltages and is more reliable

and cheaper, particularly at grid voltage levels beyond 10 kV, compared to the prior

state-of-the-art technology for power electronic transformers involving a direct series

connection of IGBT devices and lossy snubber circuits for equal voltage sharing. The

reduction in the heavy copper losses in the droop cables, core losses by about ten

times due to transformer size reduction and the cost of the wind turbine tower support

structure, makes the proposed interface scheme for wind and solar achieve significant

cost reduction. Minimizing the burden on the tower and foundation of the wind turbines

assumes paramount importance in off-shore wind farms where the cost and technology

limitations of the floating platforms on the sea-bed results in off-shore wind power to

cost in excess of $110/MWh[19], as for example, in the New York’s NYISO grid.

1.1.4 Proposed Renewable Energy Interface as a Power Buffer:

In existing wind turbine systems, to provide inertial support in case of step load changes,

the stored kinetic energy in the rotating turbine is utilized. In doing this, the wind

turbine is continuously operated at higher speeds so that there is additional stored

kinetic energy which can be dispatched on demand. However, these higher speeds are

not optimal for the maximum power point- the speed where the maximum possible wind

power gets transferred on to the turbine and subsequently to the grid. The interface in

this research presents an alternative means of providing inertia using the stored energy

in the virtual dc link across the back-to-back MMCs and can ensure that additional

power due to inertia is always provided while simultaneously extracting the maximum
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power available from the wind[17]. In order to comply with requirements such as a ramp

rate of less than 10% of the PV plant capacity, a large number of battery storage units

would be required, and the repeated charge/discharge cycles further reduce their useful

lives[20]. The proposed interface scheme can be designed in an economically feasible

way to ensure that the PV cluster associated with the interface provides a more uniform

power output across different one-minute intervals thus reducing the magnitude of the

ramp rate violations. This, in turn, reduces the battery energy storage that needs to

be installed to meet the technical requirements for PV projects. Further, a frequency

stable and constant AC power output can be supplied even from a small cluster of PV

panels connected through the interface under research even when not connected to the

grid or other energy sources. About 127 GW of coal and nuclear plant generators have

retired since 2005. This land area with the power lines already in place, could be ideal

for installing solar panels and batteries, integrated with the utility grid by employing

the interface in this research.

1.2 Novel Contributions towards making the interface prac-

tical:

The following are the major contributions of this dissertation and research on the in-

terface:

1. Design, control, and operation of the proposed interface Scheme.

2. Quantitatively characterising the PWM switching ripples across the dc link and

investigation of their propagation in the dc link control schemes.

3. Harmonic analysis of the high frequency link currents and online optimization-

based control schemes to improve the efficiency of power transfer across the high-

frequency link.

4. DC side modeling of the HF-MMC which unveils the sensitivity of HF-MMC to

voltages at frequencies other than dc being injected at the dc link.

5. Invention of a power converter topology employing several modular high-frequency

transformers with drastically reduced voltage stresses.
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6. Identifying the potential for virtual inertia with associated control schemes for

inertial-control from the PET.

Accordingly the rest of the dissertation is organized as follows:

Chapter 2 introduces the MMC-PET interface in detail along with its advantages

and provides a comparison with other HF-link topologies. The operation and control

of the back-to-back MMC based power electronic transformer are demonstrated for the

voltage control of the back-to-back MMC dc link voltage, power-factor control on the

grid side, grid-independent reactive power sourcing on the load side and under conditions

of grid voltage unbalances and faults in Chapter 2. The various modulation schemes

at the grid side MMC, high-frequency link MMC, high-frequency link voltage source

inverter, the wind turbine side converter outlined in Fig.1.11.

Wind Generator

MMCMMC

Grid

Wind Generator

MMCMMC

HV Virtual DC link
Voltage Control, 
Grid unbalance 
control, UPF 
operation with 
the grid,Virtual 
Inertia supply
to the grid.

Online Optimization
-based modulation
for high frequency
link harmonic control
and LV side p.f
correction

6-step
3-phase
HF voltage,
LVDC bus 
voltage 
control.

Max. Power
Point 
Tracking 
control of 
wind 
generator.

Figure 1.11: Overall Control Allocation to the converters in the back-to-back MMC

based PET interface of the wind turbine

Further, Chapter 2 quantitatively characterizes PWM switching ripples in the dc link

across the back-to-back MMCs and derives analytical expressions for their magnitude at

each stage during their propagation through the control loop. It also presents a scheme

to control the voltage across during grid voltage unbalances making sure grid current

quality does not get affected at all operating scenarios.

Chapter 3 presents an online non-linear optimization technique to optimize the

switching angles in the nearest-level-modulated waveform at the high-frequency link

resulted in reduction in harmonic distortion of the high-frequency link currents by as
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much as 60% while at the same time ensuring unity displacement power factor opera-

tion. It also validates the proposed control schemes at the high-frequency link involving

the control of the two-level converter dc link and efficient power transfer across the link.

Chapter 4 discusses the mathematical modeling of the dc side of the HF-MMC and

uncovers the mechanism that causes its sensitivity to certain frequency voltage injections

at the its dc link. A mathematical framework predicts these sensitive frequencies as a

function of the MMC parameters and operating frequency.

Chapter 5 discusses some design considerations at the high-frequency link which

ensures soft-switching at the HF-link two-level converter, unity displacement power

factor operation and keep the current THD within limits for the required rated power

transfer.

Chapter 6 presents an invention of a power-converter topology called Distributed-

Phase-MMC (DP-MMC) to further reduce the high-frequency transformer voltage stresses.

Further, the topology is rendered even more modular with multiple parallel power trans-

fer paths by employing N high-frequency transformers with reduced voltage ratings as

shown in Fig.1.12.

HF Transformers
~1 kV

34.5kV,60 Hz

Grid

5-60 Hz
~1 kV

Wind Generator

DP-Se-MMCMMC Virtual DC Link

~7.5 kV

Figure 1.12: Utility-Scale Interface for renewables and storage with the proposed

DP-MMC topology

DP-MMC ensures that each transformer withstands (1/N) th of the voltage of that

when using a conventional MMC and with similar current ratings, where N is the number

of three-phase transformers.

Chapter 7 identifies the potential for virtual inertia. The virtual dc link across the

back-to-back MMCs is at voltages of the order of twice the collection grid voltage which

results in a large stored potential energy in it. A novel control scheme for providing
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inertia using the back-to-back MMCs in the PET used for grid interface of renewables

and storage is discussed.

Chapter 8 concludes the dissertation by summarizing the results presented validating

the above claims.



Chapter 2

A Modular Multi-Level Converter

based Power Conversion

Architecture and Operating

Scheme for Grid-Integration of

Wind Energy Systems

Traditional power conversion schemes for grid interfacing of wind energy systems (WES)

typically employ a line frequency transformer and back-to-back connected PWM power

converters. Such a scheme is heavy, bulky and expensive. In this paper, a new power

conversion architecture is proposed that is particularly well suited for grid integration of

WES at medium voltage (MV) level in the distribution network. The proposed power-

circuit consists of back-to-back connected Modular Multilevel Converters (BB-MMCs),

a high-frequency (HF) transformer and back-to-back connected two-level converters.

Such a scheme has several advantages over traditional architectures such as reduced

transformer size and weight due to HF operation. This enables housing the entire

system in the wind turbine nacelle. An operating mechanism for the overall system is

proposed that facilitates high-frequency operation and the corresponding size reduction.

A Fourier series based method is employed for quantitatively characterizing the

13
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propagation of the BB-MMC DC link switching ripples through its voltage control loop.

The designed DC-link voltage controller ensures fast dynamic performance as well as

injection of high quality grid current even with unbalanced grid voltages. Validations

of the proposed PWM and control schemes on the overall architecture are performed

using simulations of the full-order model in MATLAB/Simulink and with real-time

hardware-in-loop (HIL) simulations in OPAL-RT.

2.1 Introduction

Wind energy systems (WES) are widely being deployed today due to the increased spur

towards renewable power generation. In Germany wind energy contributes to 25% of

all power generation today [21] and the budget is to increase it to 50% by 2050[22].

Similarly in the US, wind penetration, which is the share of annual end-use electricity

demand, has a trajectory of 10% ,20% and 35% by 2020, 2030 and 2050 respectively[23].

Such a wind dominated power generation landscape necessitates increasing the efficiency

of WES and making its generation cost achieve even greater gaps with conventional

energy sources, thereby addressing the demand for an ever-decreasing cost curve of

overall power generation[24].

As shown in Fig.2.1a(top), present wind turbine integration schemes use a 60-Hz

transformer to interface generator and the power electronic converter at voltages around

1 kV to the grid with voltages of 5 kV and above, upto collection grid voltages of 34.5

kV. This scheme results in high currents of the order of kAs in the long cables from the

nacelle to ground where the power electronic converter and the heavy 60 Hz transformer

are located[25].

To reduce the weight of the transformer by a factor of one-hundred or more[26] so

that it can be placed in the nacelle along with the converter, thus avoiding the losses in

cables 300 meters or so in length, the topology under study in this dissertation shown

in Fig. 2.1a (bottom), is a possible solution.



15

60 Hz 
Transformer 5-60 Hz

>5 kV, 
60 Hz

Grid
~1 kV

~1 kV

Wind Generator

HF Transformer
~1 kV> 5 kV>5 kV,60 Hz

Grid

5-60 Hz
~1 kV

Wind Generator

MMC MMC

(a)

5-60 Hz
~1 kV

Utility
Grid Wind Turbine

Vhdc

HF link MMC

HF 
Transformer

HF link
Two-Level 
converter1-10 kHz

Vc,a,u

Vc,a,l

Vg,abc

ihf,a

Vldc

a

b

c A

B

C

n N

Vc,sm

+

-

Grid-Side MMC

(b)

Figure 2.1: (a). Present grid interface scheme for wind turbines (top) and Proposed

BB-MMC PET based wind turbine interface scheme (bottom) (b). Detailed circuit

diagram of the proposed BB-MMC PET architecture

The proposed approach in Fig.2.1b consists of Back-to-Back connected Modular

Multi-Level Converters (BB-MMCs)[14, 15, 16] of which the Grid-Side MMC (GS-

MMC) synthesizes line frequency PWM voltages to control the currents drawn from the

grid and the High-Frequency MMC (HF-MMC) synthesizes a nearly sinusoidal stepped-

waveform of voltages and currents associated with the high-frequency (HF) transformer.

It serves to increase the efficiency and cost of such WES as follows. Winding and core

losses in the transformer scale with its size[4] and thus, these losses are tremendously

reduced. Next, since the voltages are stepped up to the grid voltage level by the HF-

transformer at the nacelle itself, the losses in the droop cables running down the wind

turbine tower are reduced by the square of the transformer turns ratio. Further, the

power smoothing function of the single large dc link capacitor of the two level converters

in Fig.2.1a(top) is performed by the distributed sub-module capacitors of the BB-MMCs

in Fig.2.1b.

Unlike the MMCs employed in VSC-HVDC systems[27, 28, 29] where a thousand

sub-modules are cascaded to reach the transmission voltage levels of 400 kV and above,

the BB-MMCs in the proposed architecture contain reduced number of sub-modules

to reach the level of the medium voltage grid. The distributed capacitance of the

transmission lines make the dc link of the VSC-HVDC system act like a rigid dc voltage

source. However, in the proposed topology, there is a much lower effective dc bus

capacitance presented by the sub-module capacitors. Since megawatts of power from the
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wind turbine are being processed through such a low capacitance dc link, the bandwidth

of the dc bus control loop should be sufficient to the reject the variations in wind power

at this scale.

A premise for such a dc bus controller is provided next. In case of HVDC lines, the

leg energy of the MMC is controlled through circulating current control schemes[30, 31].

Whereas for medium voltage grid integration, railway traction and some motor drive

applications, the dc bus voltage control across the direct back-to-back connected (not

through HVDC lines) MMC arrangement have been reported in [32, 33, 34, 35, 36].

In these cases, the dc bus voltage is regulated by an outer voltage control loop which

provides a grid current reference command that is tracked by the inner output AC

current control loop. Further, the dc bus voltage that is used for feedback is obtained by

directly measuring the leg voltages across the BB-MMCs with or without processing this

feedback signal through a low-pass filter[32, 33, 34, 35, 36, 37]. Since these leg voltages

are formed by the PWM output of the cascaded half-bridge modules, sensing them for

feedback purposes causes switching ripple propagation through the control loops which

is quantitatively characterized in this paper. This ripple propagation is in turn shown to

cause associated degradation in the injected grid current quality. In [38], the leg energy

is controlled by sensing the average of the sub-module capacitor voltages in a leg. In

[39], the sub-module capacitor voltages are averaged across the three-phases for arm

voltage reference generation, but the signal was not used for closed loop control of the

dc link voltage. Under unbalanced grid conditions, the zero sequence second harmonic

oscillation was extracted through a resonant filter for feed-forward cancellation in the

arm voltage reference. In this paper, a similar processing of the sub-module capacitor

voltages is carried out for generating the dc bus voltage feedback signal. Further the

zero sequence second harmonic voltage feed-forward cancellation under unbalanced grid

conditions is carried out by estimating this ripple without utilizing any form of filter for

processing the voltage signal in the feedback path.

Next, a comparison with other power conversion architectures is provided to bring

out the unique aspects of the proposed circuit. Cascaded converter topologies to in-

terface power sources at voltage levels of about 1 kV to the medium voltage grid at

voltages of 5 kV-34.5 kV are increasingly being studied upon [40, 41, 42, 43, 44, 45].



17

These interfaces involve a power electronic transformer to match the difference in volt-

age levels and for isolation purposes. In [40] and [41], there are multiple windings

acting as the secondaries of the high frequency transformer in each module of the cas-

caded converter. In [41], the H-bridge sub-module capacitor voltage is fixed at the PV

maximum-power-point(MPP) voltage which does not allow inertial power support to

the grid or smoothening out of PV power variations. Also in [42, 43], other topologies

for medium voltage applications with a H-bridge connected to each of the sub-module

dc capacitors followed by a high frequency transformer and an active rectifier are dis-

cussed.

In comparison, the topology studied in this paper[14, 15, 16, 17, 18, 46, 47] shown

in Fig.2.1b, employs a single high-frequency (HF) transformer without multiple sec-

ondaries. This renders the topology less prone to transformer failures since only one

transformer’s insulation is subjected to voltage stresses of the medium voltage grid with

respect to the grid ground. This is unlike the case of a HF transformer in each of the

sub-modules [42, 43] of the cascaded converter where each transformer’s insulation is

subjected to such voltage stresses.

In [44], a switched mode rectifier is used in the high frequency link of the cascaded

sub-modules instead of a passive rectifier as in [41]. Combined phase shift and fre-

quency modulation techniques in the dual-active-bridge(DAB) operated high frequency

link in [44] allow for reducing the size of the sub-module capacitor. With a reduced

sub-module capacitance, dedicated energy storage units are required to be interfaced

through the cascaded sub-modules for providing inertial support to the grid. Also, there

is increased control complexity as each sub-module will have to be controlled indepen-

dently depending on the power available from the PV arrays through dedicated control

loops at the sub-module level. In contrast, with the current topology, only one single

parameter, namely, the dc link voltage across the back-to-back connected modular-

multilevel-converters (MMCs) needs to be controlled to provide frequency regulation to

the grid through a simple control scheme[48, 17].

Modular multilevel converter based medium voltage grid integration topologies in

[49] integrate PV and batteries directly into the half-bridge sub-modules along with

their associated dc-dc converters. This topology is not especially suited for wind tur-

bines unlike the one studied in this paper.
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DC-DC transformers based on MMCs have been proposed in [50, 51, 52] to transfer

power between high-voltage-direct-current (HVDC) lines at different voltages or between

a low voltage dc source and a medium voltage dc source. However, they do not consider

a direct back-to-back connected MMC for renewable energy interface with the utility

grid. The back-to-back connected MMC topology was also studied in [53, 32]. In these

cases, a HF-MMC was not involved.

Other direct AC-AC medium voltage interface topologies are based on modular-

multilevel-matrix-converter [54] with the advantage of reducing the total switch count

and an extension of the work in [44] to have unfolding bridges and AC sources at both

input and output[45]. However, both these topologies lack a controllable high voltage

dc link with inherent energy storage.

2.2 Proposed Power Conversion Architecture

2.2.1 Power Circuit

The detailed circuit diagram of the proposed power circuit is shown in Fig. 2.1b. It is to

be noted that the HF-MMC and the GS-MMC are directly connected as shown and that

its not a HVDC line. The entire BB-MMC, the HF-Transformer and the BB-2LVSC are

to be housed in the wind turbine nacelle. The HF-transformer is Y-Y connected and the

zero sequence currents under grid voltage unbalance cannot flow since the transformer

neutral is floating[55]. The end application of the topology targets the use of Silicon

Carbide devices and so the total number of modules required to reach up to the medium

voltage grid level is accordingly reduced.

2.2.2 PWM Schemes for Subsystems

The GS-MMC sub-modules are modulated using phase-shifted carrier sine-triangle PWM(PSC-

PWM) ensuring minimum carrier frequency harmonics in the output voltage. PSC-

PWM is especially suited when the number of sub-modules in the MMC are small as

is the case here. The effective switching frequency harmonics in the output voltage is

at 2N times the switching frequency of each sub-module. The HF-MMC is modulated
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using nearest level modulation and the output waveform is a sinusoidal stepped wave-

form. The switching frequencies of the both the HF-MMC and HF side 2l-VSC are the

same as the output voltage fundamental frequency across the transformer. The HF side

2L-VSC operates in six-step mode since there are six steps in every fundamental cycle

of its line-neutral voltage waveform. Both the sides of the HF transformer don’t see

PWM waveforms to limit the dv/dt stresses involved if carrier frequency at 10 times the

HF link frequency is used for modulation.(show typical waveforms)

2.2.3 Overall System Operation

The GS-MMC controls the currents drawn from the grid for Vhdc control, reactive power

support to the grid, operation during grid unbalance and faults, virtual inertia support

to the grid for frequency regulation and other grid ancillary services. The HF-MMC

ensures minimum conduction losses in the HF-link by current harmonic control and

controlling the currents to be at unity displacement power factor with the HF-2LVSC.

The HF-2LVSC maintains the low voltage dc link at the commanded reference value

and the WT-2LVSC is involved in tracking the wind turbine’s maximum power point.

2.2.4 Summary of Advantages

The various advantages of the proposed topology mentioned thus far are summarized

below:

1. Transformer weight reduction by more than 100 times in WES compared to the

line-frequency transformer, so it can be placed in naccelle.

2. Conduction loss in the 300m long droop cables are reduced by T 2 times for a

transformer turns ratio of T .

3. A single controllable high-voltage dc link which can be used for grid ancillary

services such as frequency regulation.

4. The topology can also be extended to interface PV, energy storage systems and

other LV power sources.

5. The possibility to connect multiple MMCs across the same dc link and make it

more power dense.
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6. A simple control scheme because of uniform modulating signal for all modules of

each MMC arm.

7. Increased reliability compared to using a HF transformer in each module such as

when energy sources are integrated through dc-dc converters at the sub-module

level. This is because only one HF transformer insulation sees MV stresses com-

pared to the case of each HF transformer in the individual sub-modules.

2.3 Analysis of BB-MMC DC-link Voltage

VaN =
Vc
2

+
Vc
2
M cos(ωmt+ θm) +AF +BF (2.1)

where,

AF =
2Vc
π

∞∑
m=1

1

m
Jo

(
m
π

2
M
)

sin
(mπ

2

)
cosm(ωct+ θc) (2.2)

BF =
2Vc
π

∞∑
n=−∞
n 6=0

∞∑
m=1

1
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Jn

(
m
π

2
M
)

sin

(
(m+ n)π

2

)
cos(m(ωct+ θc) + n(ωmt+ θm))

(2.3)

Eq. (2.1)-Eq. (2.3) give the harmonic components of a half bridge module’s output volt-

age with respect to the negative of its dc bus[56] with double update sine-PWM. Here,

m and n are harmonic orders of the carrier frequency and fundamental frequency volt-

age components respectively. The pictorial representation of the frequency components

in the sub-module output voltage in Fig.2.2 follows from Eq. (2.1)-Eq. (2.3). The terms

in AF result in frequency components at the carrier frequency and its multiples and

the terms in BF give rise to frequency components at the various sidebands around the

carrier frequency harmonics.
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Figure 2.2: Pictorial representation of carrier frequency harmonics and their side-bands

that are produced at the output of the half-bridge sub-modules as a result of sin-triangle

modulation.

In Fig.2.2, the carrier phase shifts for the lowest harmonic content in the AC output

voltage of the MMC, in the case of 8 modules per leg are shown. Also, the various carrier

frequency harmonics and their sidebands considering the differential mode component

of the modulating signal can be observed. These carrier harmonics and their sidebands

cancel in pairs if a 1800 counterpart is available within the arm as in the case of the I

carrier harmonic and its sidebands[57]. They also cancel in pairs if a 00 counterpart is

available between the two arms as in the case of the IV order carrier harmonic and its

sidebands.
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It is seen from Fig.2.2 that upon adding the sub-module output voltages in the upper

and lower arms from top to bottom, dc bus switching ripples result at a frequency of the

sidebands of the IV order carrier harmonic. For N submodules per arm, the switching

ripple in fact, contains the sidebands of all odd multiples of Nfsw where, fsw is the

grid-side MMC module switching frequency. Between the three phases of the MMC,

only the zero-sequence sidebands at third harmonic of the fundamental frequency add

up and the magnitude and frequency of the net dc link switching ripple around Nfsw

is as shown in Eq. (2.4).

fswr = mfsw ± 3pfm,∑
V swr
sm

∣∣∣∣
fswr

=
4NVc
π

∑
n

∑
m

1

m
Jn

(
m
π

2
M
)

p εN,m = N(2p− 1), n = ±3p

(2.4)

As an example, with fm = 50Hz and fsw = 4 kHz, the switching ripple occurs at

15850Hz and 16150Hz for n = 1 and N = 4.

2.4 DC-link Voltage Control Design

2.4.1 Sensing the leg voltage and switching ripple propagation

In Fig.2.3a, the control schematic for the voltage control of the high voltage dc link is

shown in case the dc link voltage across the back-to-back connected MMCs is sensed

directly. Here, the switching ripples add on to Vhdc = NVc,avg.
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Figure 2.3: (a).PWM switching ripples from the output of cascaded sub-modules propa-

gate through the dc link voltage control loops. (b).Production of even harmonic voltages

at the sub-module outputs from the propagated switching ripple voltage components.

Figure 2.4: BB-MMC equivalent circuit to obtain transfer function of the switching

ripple magnitudes from the sub-module outputs to the dc link.

The switching ripple in each leg of the GS-MMC marked as ΣV swr
sm or N∗gVc,g in

Fig.2.4 transfer on to the dc link through the voltage transfer function H as shown in

Eq. (4.1). N∗g and N∗hf is the instantaneous number of sub-modules turned on in a phase-

leg of the GS-MMC and HF-MMC respectively. An (N + 1) modulation is employed

at the HF-MMC for the circuit operation in Fig.2.1b and so N∗hf instantaneously stays
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constant at N . Thus all the switching ripple originates from the GS-MMC.

Zhf =
1

sCeffsm,hf

+Reffarm,hf + sLeffarm,hf ,

Zg =
1

sCeffsm,g

+Reffarm,g + sLeffarm,g

Ceffsm,g =
Csm,g
N

,Ceffsm,hf =
Csm,hf
N

H =
Zhf

Zhf + Zg
=

V swr
hdc

ΣV swr
sm

(2.5)

The arm resistances and inductances have been grouped into an effective inductance

and resistance in each phase leg and the effective capacitance in the phase leg of the

GS-MMC and HF-MMC are Ceffsm,g/N and Ceffsm,hf/N for switching ripples at frequencies

much larger than the HF-link frequency.

Iswrd = V swr
hdc (LPFmeas)(PIdc) (2.6a)

V swr
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Iqfmarm =
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2Rarm + jωqfm 2Larm
(2.8c)

q = 3p± 1,m = (2p− 1)N, p εN
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Switching ripples thus reaching the dc link voltage through the transfer function H, pass

through voltage control loop to create the corresponding components in Vd,swr,mabc,swr

and V swr
sm,qfm

as shown in Fig.2.3a and Fig.2.3b and in Eq. (2.6b),Eq. (2.8a) and Eq. (2.8).

The output voltages of the half-bridge sub-modules contain even order harmonics simi-

lar to the production of sidebands of IV order carrier harmonics in Fig.2.2 due to this

propagation. This manifests as common mode voltages between the top and bottom

arms and create significant even harmonic circulating currents over and above the the

magnitude of such currents due to single phase power absorption.

2.4.2 Proposed DC link voltage Extraction Scheme

The power absorbed by the upper arm of phase a in the MMC is as shown in Eq. (2.9)

[58], where Idc is the dc current drawn into each phase-leg from the dc link, Vs is the

amplitude of the Grid-side MMC output voltage and Is is its output AC current.

Pu = 0.5VhdcIdc − IdcVs cos(ωgt) + 0.25Is Vhdc cos(ωgt− φ)

−0.5IsVs cos(ωgt) cos(ωgt− φ)
(2.9)

Figure 2.5: (a).Feed-forward cancellation of zero sequence 2ωg voltage oscillations in

the processing of sub-module capacitor voltages to form V cap
hdc .(b)Estimation of zero

sequence 2ωg voltage oscillations in the sub-module capacitor voltages under grid voltage

unbalance.

In order to use the sub-module capacitor voltages for dc bus voltage control only

their dc values are needed and the fundamental frequency and second harmonic voltage
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ripples produced due to the last three power terms in Eq. (2.9) need to be canceled

out. As shown in Fig.2.5a and Eq. (2.10), towards this, a sample of the sub-module

capacitor voltage from each phase of the upper arm are summed and averaged resulting

in cancellation of single phase power 2ω voltage oscillations and fundamental frequency

voltage ripple. The same is also done with a sample of lower arm sub-module voltage

in each phase. In Fig.2.5a, subscript x represents each phase of the MMC and u, l

represent upper and lower arms.

V cap
hdc =

4

6

∑
j=u,l

∑
x=a,b,c

Vc,x,j (2.10)

However, under the case of a grid voltage unbalance, this operation does not eliminate

the voltage ripple due to zero sequence 2ω power absorbed in the three phases shown

in Eq. (2.11)[59].

p2ωo = 0.5V +
p I
−
p cos(2ωgt+ θ+

k + φ−k ) + 0.5V −p I
+
p cos(2ωgt+ θ−k + φ+

k ) (2.11)

Eq. (2.11) is used to estimate this zero sequence voltage oscillations in the sub-module

capacitors as shown in Fig.2.5b. Here, only the second term contributes to zero sequence

power since I− is controlled to zero by the negative sequence grid current controller. The

power due to the second term in Eq. (2.11) in terms of instantaneous phase quantities

can be expressed as shown in Eq. (2.12).
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(2.12)

Taking the sum of each of the three phase instantaneous powers in Eq. (2.12), the

dc quantity cancels out and rest of the power distributes equally to all the 2N sub-

modules in each phase leg of the MMC. In response, to maintain power balance in the
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sub-module dc side, a current flows through the sub-module capacitance which is used

to estimate the zero sequence 2ω voltage ripple as shown in Eq. (2.13). V ∗c,avg is the

reference value of the average capacitor voltages obtained from V ∗hdc/N . V 2ωo
c is then

fedforward and decoupled from the sensed capacitor voltages as shown in Fig.2.5a and

Fig.2.5b.

V 2ωo
c (t) =

1

Csm

∫
V −p I

+
p

4N V ∗c,avg
(cos(2ωgt+ φ+

k + θ−k ) dt (2.13)

In Fig.2.5, the processed capacitor voltages are fed to the dc bus voltage control loop

and arm energy balancing controller[60].

The effect of not filtering out the zero sequence 2ω0 ripple from capacitor voltages can

be explained as follows. Since 2ωs is close to the bandwidth of the dc bus PI controller,

Id,ref signal contains this ripple of amplitude I
2ωg

d reflected from V cap
hdc through the dc

bus PI controller. Since Iq,ref = 0 under grid-side unity power factor operation, the

corresponding grid side currents under stationary α − β coordinates can be written as

shown in Eq. (2.14).

Iα = I
2ωg

d cos(2ωgt) cos(ωgt)

=
1

2
I

2ωg

d (cos(ωgt) + cos(3ωgt))

Iβ = I
2ωg

d cos(2ωgt) sin(ωgt)

=
1

2
I

2ωg

d (sin(−ωgt) + sin(3ωgt))

(2.14)

Ia = Iα

Ib = −1

2
Iα +

√
3

2
Iβ

Ic = −1

2
Iα −

√
3

2
Iβ

(2.15)

When converted to three-phase currents using Eq. (2.15), we see that a fundamental

frequency negative sequence component results in three-phase output currents.

2.5 Results

In this section, real-time HIL simulations on OPAL-RT and MATLAB/SIMULINK

simulations using the full-scale switching model are conducted and the analytical results
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obtained in Section 2.3 and Section 2.4 are verified. Further, the overall operation of

the proposed power conversion architecture in Fig. 2.1b is validated. The wind turbine

in Fig. 2.1b is emulated by an ideal three-phase AC voltage source.

2.5.1 Circuit and ratings

In the MATLAB/SIMULINK model, both the GS-MMC and the HF-MMC contain

eight half-bridge sub-modules per leg with their dc link capacitances being Csm,g = 5

mF and Cs,hf = 250µF respectively. Their respective arm inductances and resistances

are Larm,g = 4 mH, Larm,hf = 200µH, Rarm,g = Rarm,hf = 0.1 Ω. The GS-MMC

and HF-MMC module switching frequencies are 4 kHz and 1 kHz respectively. The

grid interface and wind trubine interface R-L filters respectively are Lg = 16.58 mH,

Rg = 0.1 Ω, Lwind = 0.35 mH, Rwind = 0.01 Ω. The rated line-line RMS voltages of the

grid and the AC source emulating the wind turbine are 6.1237 kV and 400 V respec-

tively.

In the OPAL-RT based HIL model, the BB-MMCs contain four sub-modules per

leg to limit the switch count and reduce the computational burden on OPAL-RT’s

proprietary real-time power electronic circuit solver block called electrical hardware

solver(eHS). Further, to limit overruns on the OP5700 CPU subystem in Fig.2.6a, for

the current case of two cores being activated, the BB-2LVSC and the ideal AC source

are altogether replaced by an R-L load with a nominal power rating of 250 kW. The

minimum possible eHS time step of 925 ns for this circuit was chosen. All other eHS

circuit parameters were the same as used in the SIMULINK model.
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(a) (b)

Figure 2.6: (a). Block diagram of OP5700 Real-Time simulator with its subsystems (b).

Quantitative validation of magnitude of propagated switching ripple at various stages

in the control loop.

The eHS and the PWM generation blocks run on the Virtex 7 FPGA of OP5700 at

a 200 MHz clock cycle. The PWM blocks were implemented on the FPGA using the

RT-XSG toolbox and Xilinx System Generator by creating a custom bitstream. The PI

controllers, park transformation blocks and other computations required to generate the

modulating signals run on the two Intel CPU cores of OP5700. A block diagram showing

the communication between different subystems in OP5700 is shown in Fig.2.6a.

2.5.2 Overall operation

Fig.2.7 validates the overall operation of the power conversion architecture. In Fig.2.7a,

a step change in load at the AC source emulating the wind turbine from 600 kW to

720 kW happens at 0.8 sec and the three-phase currents drawn from this source, the

HF-link currents and the grid currents undergo a corresponding change in amplitude.

Fig.2.7b shows a load change of 250 kW to 300 kW in the OPAL-RT HIL real-time

simulation circuit and the associated waveforms. In Fig.2.7c, comparison between grid

currents and Id,ref currents with and without the proposed feed-forward estimation

and cancellation of the zero-sequence sub-module capacitor voltages are shown. A

gird current unbalance of 5% is corrected with the proposed method. Fig.2.7d, shows

balanced grid currents being drawn despite using V cap
hdc containing the zero-sequence

capacitor voltage oscillations, for feedback in the dc bus voltage control loop through
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the real-time HIL simulation.

(a) (b) (c) (d)

Figure 2.7: (a).Load change at the wind turbine end from 600 kW to 720 kW in the

MATLAB/SIMULINK based model(b)Load change at the wind turbine end from 250

kW to 300 kW in the OPAL-RT HIL real-time simulation model(c)Operation under grid

unbalance - comparison of three-phase grid currents(top) and Id,ref command(bottom)

with and without feed-forward cancellation of 2ωg voltage oscillations(d) Operation

under grid voltage unbalance in the OPAL-RT HIL model, showing balanced three-phase

grid currents and 2ωg capacitor voltage oscillations before feed-forward cancellation

2.5.3 Switching ripple propagation

To ascertain the mechanism of switching ripple propagation, an experiment was con-

ducted with the back-to-back MMCs where the HF MMC was operated with no load

connected to its AC output while the Grid-Side MMC remained connected to the grid as

shown in Fig.2.8. Operating at no load prevents the single phase power induced second

harmonic ripples in the capacitor voltages and icir containing even harmonics due to

switching ripple propagation i.e., iswrcir,2nω can be clearly observed. The controller gains

for the voltage control loop are Khdc
p = 0.3685 and Khdc

i = 0.0819 and similarly for the

inner current control loop they are Kc
p = 47.08 and Kc

i = 456.6.

A modulation index of 0.2736 was observed at the grid-side MMC from the simula-

tion of Fig.2.8 for triangular carriers between 0 and 1. Using this and the equations

in Section 2.3, the magnitudes of switching ripple propagated at various stages of the
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control loop from the simulation are compared with the theoretically expected values

as shown in Fig.2.6b. A measurement filter of 15.9kHz cut-off filter was used for this

experiment and the circulating current is seen to contain even harmonics at no-load

as shown in Fig.2.9a. Circulating currents due to PWM ripple propagation are 2.28

times their value without such propagation even at full load condition as seen from the

comparison of Fig.2.9a and Fig.2.9b. These currents cause additional capacitor voltage

oscillations and in turn deteriorate grid current quality as shown in Section 2.5.4. The

circulating currents under no load become negligible with a measurement filter of a low

enough cut-off frequency as shown in Fig.2.9b. These results are also validated through

real-time HIL simulations as shown in Fig.2.9c and Fig.2.9d.

Figure 2.8: Experimental circuit to confirm the flow of Iswrsm,qfm
due to switching ripple

propagation in the control loops
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(a) (b) (c) (d)

Figure 2.9: (a).Propagated switching ripple in the dc link voltage control loop causes

significant even harmonic circulating current under no load -MATLAB/SIMULINK re-

sult (b)The same experiment in (a) repeated with sufficient filtering of measured dc link

voltage shows negligible even harmonic circulating current under no load (c) Repeat of

(a) in the OPAL-RT based HIL real-time simulations (d) No circulating currents under

no load with the proposed dc link voltage control - OPAL-RT HIL real-time simulations

2.5.4 Grid current quality

The PWM outputs of the cascaded half-bridges form the leg voltages and the in turn

the dc link voltage of the BB-MMC. Using this voltage for feedback purposes in the

dc link voltage control loop cause grid current quality to deteriorate even with the use

of a suitable measurement filter as shown in Fig.2.10a. For a 4% dead-time for the

GS-MMC sub-modules, the grid currents with a 100Hz cut-off mesurement filter and

the proposed method are shown. Since the PWM outputs contain spurious baseband

harmonics due to the effect of deadtime, these harmonics propagate through the dc link

voltage control loop and cause additional grid current harmonics as shown in Fig.2.10a.

Fig.2.10b shows the comparison of grid side currents for the case of no dead-time and

different levels of filtering the measured voltage with the proposed control scheme.
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(a) (b)

Figure 2.10: (a).Grid currents under the case of directly measuring the dc link volt-

age (top and middle) and proposed method of dc link voltage control(bottom)(b).Grid

currents with 4% deadtime included in the modulation of the half-bridge sub-modules

2.6 DC link voltage control, Current Unbalance Control

and Capacitor voltage balancing
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Figure 2.11: (a).DC link voltage waveform across the back-to-back connected MMCs

tracks the reference command of 13 kV at the start and a reference command change

from 13 kV to 14 kV at 2 sec. -MATLAB/SIMULINK result (b) Repeat of (a) in the

OPAL-RT based HIL real-time simulations - step change in dc bus voltage at 200 sec,

causes it to increase from 10.5 kV to 12.5 kV. (c)HF link MMC sub-module capacitor

voltages in the upper arm of phase-c -MATLAB/SIMULINK results
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Figure 2.12: (a).The grid currents are balanced even after a line-ground fault in phase

c and a 50% voltage sag in phase b occurs at 2.5 sec. The grid phase currents are in

phase with the grid phase voltage (shown as scaled by 0.1) both before and after the

grid unbalance.-MATLAB/SIMULINK result (b)Grid side MMC sub-module capacitor

voltages in the upper and lower arms of phase c showing action - MATLAB/SIMULINK

results(c) Repeat of (b) in the OPAL-RT based HIL real-time simulations - Grid side-

MMC upper and lower arm capacitor voltages are shown to respond to a step change

in the reference command for dc bus voltage and changes from 5250 V before 200 sec

and at 6250 V after 200.1 sec

The high-voltage dc link voltage is seen to track the step change in reference at 2 sec from

13 kV to 14 kV in Fig.2.11a. The same is repeated in the OPAL-RT HIL simulation in

Fig.2.11b. The HF-link MMC capacitor voltages and are shown in Fig.2.11c. The grid

voltage undergoes a line-ground fault in phase c and a 50% voltage sag in phase b at 2.5

sec. During this disturbance the grid side currents are maintained to be balanced and at

unity power factor with the grid in Fig.2.12a. The Grid-side MMC capacitor voltages are

shown in Fig.2.12b and Fig.2.12c from the MATLAB/SIMULINk and OPAL-RT HIL

simulations respectively. Arm energy balancing controller ensures the upper and lower

arm capacitor voltages vary together and the second harmonic capacitor circulating

current controller ensures a predominant fundamental ripple voltage component in the

grid side capacitor voltages.

2.7 Summary

The frequency components in the DC link voltage across the back-to-back connected

MMCs in the PET was analyzed. Further their magnitude as they propagate through
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the control loops were quantitatively characterized. A dc link voltage sensing and control

scheme was presented which ensures grid current quality does not deteriorate due its

implementation. Ancillary servies to the grid such as load independent power factor

control on the grid side, operation under grid voltage unbalance and control of the

dc link voltage across the back-to-back connected MMCs have been demostrated. A

brief comparison of the studied topology with other medium voltage grid integration

topologies was presented. MATLAB/SIMULINK and OPAL-RT based HIL simulation

results confirmed the designed control schemes of the back-to-back connected MMC

based PET operation.



Chapter 3

An Online Optimization-Based

Control Scheme for the

High-Frequency link in a

Back-to-Back Connected

MMC-based Power Conversion

Architecture for Wind Energy

Systems

In Chapter 2, the effect of dc bus switching ripples on the grid-side MMC control

schemes was discussed and a comparison of this topology with other medium voltage

grid integration topologies was provided.

A summary of the novel contributions of this chapter are as follows:

1). The control schemes of the HF-MMC and the 2L-VSC connected across the HF

transformer in Fig.3.1 to enable controlled and efficient power transfer are presented.

36
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2). An online optimization based modulation scheme for the HF link MMC is devel-

oped to minimize the net root-mean-squared (rms) value due to the harmonics in the

high-frequency link currents. In addition, this modulation scheme allows control of the

MMC output voltage fundamental magnitude which has been employed in closed loop

to achieve unity displacement power factor with the low voltage side converter.

The optimization problem is based on coordinate gradient descent method and it op-

timizes the switching angles in the output voltage of the HF-MMC. Detailed simulation

results verifying the analysis and control are presented in MATLAB/SIMULINK. Fur-

ther verification of the designed control schemes for power transfer through the topology

is achieved through OPAL-RT based hardware-in-loop (HIL) real-time simulations and

hardware experimental results.

3.1 Introduction

In [52], a single MMC based power electronic transformer was studied but losses in HF

link resistance was not considered and the application was for power transfer from a

low voltage dc source to a medium voltage dc source. Minimization of the fundamental

component of the link current or its harmonics was not considered which cause associ-

ated conduction losses in the winding resistance[61, 62].

[63, 64] show minimization of voltage harmonics in the MMC output voltage wave-

form through the Selective Harmonic Elimination (SHE) method. However, only a

particular harmonic component, example, 5th harmonic of the MMC output voltage

waveform is targeted to be minimized. Other works on reduced frequency modulation

of MMCs involve improvements in capacitor voltage balancing schemes[52] and circu-

lating current supression [65]. In [66, 67], a nearest level PWM method for an MMC

connected to the medium voltage grid was presented which showed improvement in

both the output current harmonics and in the MMC output voltage. However, there is

PWM occurring at each level which causes higher dv/dt stresses on the high-frequency

transformer as opposed to a simple staircase waveform employed in this paper.

In [68, 69], the switching angles of the mutlilevel waveform were optimized based

on Newton’s method to improve the voltage harmonic profile subject to a fundamental
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magnitude constraint. To address the convergence sensitivity of Newton’s method to

starting points of the switching angles, particle swarm optimization (PSO) algorithms

were used in [70]. In [71], genetic algorithms were used to solve the transcendental non-

linear equations offline, for zero voltage harmonics in the output and the solutions were

stored in look-up tables. In [72], a universal formulation showing various alternative

algorithms at the different stages of the optimization process was presented. In [73],

gradient descent based optimization of the switching angles are discussed but not used

for closed-loop operation and also did not employ the full gradient equations.

In contrast to the work mentioned above, the focus in this paper is on output cur-

rent harmonic control instead of control of the harmonics in the output voltage, with

simultaneous output fundamental voltage magnitude control for closed loop unity dis-

placement power factor operation. This minimizes the conduction losses due to kAs of

current through the HF transformer and the low voltage side converter. The harmonic

minimization technique is different from SHE since it can include any number of har-

monics in the objective function to be minimized. Moreover, it solves for the minimum

possible value of the resultant harmonic rms value rather than an absolute zero value

of each harmonic as in SHE, for which solutions may not exist as more harmonics are

included for all operating conditions. Also, a different converter interface where the

MMC is injecting current through a high-frequency transformer against the six-step

voltage waveform presented by the two-level converter is considered. The online opti-

mization problem framework dynamically reacts to changes in load angle, magnitude

reference command and changes in the high voltage dc link voltage across the back-to-

back connected MMCs to output an optimum set of switching angles. The optimization

formulation is such that computational burden on the solver can be adjusted by the

iteration number k within each CPU time-step to suit the available processing power.

A standard sine wave is used as the modulating signal and it avoids the need for

generating a special modulating signal to achieve harmonics minimation using multiple

PI/PIR controllers[74, 75]. This is because this objective is captured in optimization

cost function and the resulting control of the switching angles of the MMC output

voltage waveform.
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Figure 3.1: Detailed circuit diagram of the proposed BB-MMC PET architecture

The detailed circuit diagram of the PET interface is shown again in Fig.3.1 for

convenience. Circuit topology, overall operation and the basic introduction to PWM

schemes of the different converters involved are provided in Chapter 1.

3.2 Proposed Low-Voltage side DC-bus Control

Figure 3.2: High frequency link control schematic - low voltage dc bus control by the

HF-link 2L-VSC and the unity displacement power factor control and HF-link current

harmonics control by the HF-MMC.
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The dc bus of the 2L-VSC at the high frequency link is controlled by adjusting the

phase angle of its six-step output voltage waveform with respect to the staircase voltage

waveform of the MMC. As shown in Fig.3.2, a dc bus PI controller generates a reference

load angle, δ in response to the error in the voltage of the low voltage dc link from

a set reference voltage. Taking cosine and sine of this load angle generates arbitrary

d and q component signals. Since the MMC is fed a constant modulating signal as

shown in Fig.3.2, these d-q components are transformed to a three-phase signal using

instantaneous phase angle of the HF-MMC modulating signal space vector, ωst. This

three-phase signal will now be at a load angle δ with respect to the MMC output voltage.

A PLL tracks this three-phase signal forming a two-loop control scheme with a slower

dc bus voltage control loop generating the load angle and the inner PLL loop tracking

this reference load angle. The phase angle tracked by the PLL is used to synthesize the

six-step waveform of the two level converter.

3.3 Control of HF-Link Current and Power Flow

In the conventional nearest level modulation scheme, the switching angles in the stair-

case waveform are produced when the modulating signal such as a sine wave varying

between 0-1 crosses constant values chosen in the same range. For an example of 4

modules per arm, the modules of the bottom arm of the HF-MMC that are inserted,

NON is determined according to Eq. (4.34) by this scheme[76].

ma = 0.5 + 0.5 (mhf ) sin(ωst), 0 ≤ mhf ≤ 1

NON = round0.5(Nma)

ma ≥ 0.875, all 4 modules ON

0.875 > ma ≥ 0.625, 3 modules ON

0.625 > ma ≥ 0.375, 2 modules ON

0.375 > ma ≥ 0.125, 1 modules ON

0.125 > ma ≥ 0, 0 modules ON

(3.1)

Although, closed loop control of the magnitude of the fundamental component of the

output voltage by adjusting the magnitude of this sine wave is possible, this scheme

may not fully utilize the complete range of magnitude control available. This can be
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seen from Eq. (3.3), where the maximum magnitude of the fundamental component is
4Vc
π

N
2 . For N = 4, this is 4Vc

π 2. In comparison for the maximum modulation index of

mhf = 1.15 in Eq. (4.34) made possible with the injection of a three-phase common mode

signal to ma, the corresponding magnitude of the fundamental is 4Vc
π 1.88. Moreover,

the resulting switching angles in the MMC output voltage are not optimized to minimize

the magnitude of the current harmonics flowing out of the MMC AC terminals.

Figure 3.3: Typical MMC output voltage with respect to its dc bus midpoint in case

of 8 modules per arm(left) and its first quasi-square wave component corresponding to

the first switching angle(right).

A typical nearest level modulated voltage waveform with respect to the dc bus mid-

point of the MMC is shown in Fig.3.3 alongside its first quasi square wave component.

It can be seen that the voltage waveform in on the left can be viewed as a sum of many

such quasi square wave components each with a different phase shift αi. Also, each of

these components is symmetric about a half-cycle and its Fourier series expansion con-

sists of only the odd harmonic sinusoidal terms with their amplitude given by Eq. (3.2).

An N + 1 modulation scheme is employed here, where N + 1 is the number of levels in

the output voltage and N is the number of sub-modules per arm. In this scheme, the

upper and lower arm modules are switched complementary to each other. The number

of independent switching angles is equal to half the total number of sub-modules in

an arm of the MMC owing to the symmetry in the positive and negative halves of the

output AC waveform.

bp =
4Vc,sm

(2p− 1)π
cos((2p− 1)αi), i = 1,..

N

2
, p εN (3.2)
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Using Eq. (3.2), amplitude of the kth harmonic in the Fourier expansion of the resultant

staircase waveform is as shown in Eq. (3.3).

bk, NLM =

N
2∑
i=1

4Vc,sm
kπ

cos(kαi), k = 1, 3, 5.. (3.3)

In Fig.3.4, the pole voltages of the MMC and the 2L-VSC with respect to the

imaginary midpoints of their dc buses (dashed-dotted lines) and with respect to the

transformer neutral points (solid lines) are shown.

(a) (b)

Figure 3.4: HF-MMC output voltage with respect to transformer neutral Van,its dc bus

midpoint Vam, 2L-VSC output voltage with respect to transformer neutral VAN , and its

dc bus midpoint VAM

To form the minimization objective function in terms of the current harmonics, only

voltages of either converters with respect to their virtual dc bus mid-points i.e., Vam and

VAM are required. This is due to the fact that voltages with respect to the neutral point

of the transformer are only improved in terms of the third harmonic component and

other triplen harmonics of these voltages. For example, the 5th, 7th and 11th harmonic

components in VAN are the same as in VAM . The same is true of the MMC voltages

Van and Vam. The neutral point on the MMC side of the transformer is left floating to

avoid zero sequence currents from the grid during grid unbalance [77] and these triplen
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harmonic currents also cannot flow.

VAM =
∑

k=1,3,5,..

4Vldc/2

kπ
sin k(ωt+ δ)

Vam =
∑

k=1,3,5,..

bk,NLM sin k(ωt)
(3.4)

Assuming the six-step waveform of the two-level converter to lead the MMC voltage

by an angle δ, VAM and Vam in Fig.3.4, can be written as shown in Eq. (3.4).

The optimization function can now be formed to minimize the HF-link current har-

monics as shown in Eq. (3.6)-Eq. (3.7). V
′
cm is the MMC sub-module voltage at the

nominal value of Vhdc referred to the transformer low voltage side as shown in Eq. (3.5).

VMMC in Eq. (3.7) is the fundamental component of the MMC voltage referred to the

low voltage side. Xhf is the leakage reactance at the fundamental frequency of the

HF-link in Eq. (3.5) and Tr is the transformer turns ratio.

V
′
c,sm =

Vhdc,nom
NTr

, Xhf = 2πfs Lhf (3.5)

min f =
∑

n=5,7,11

1

2X2
hf n

4
(
∑
i

4V
′
c,sm

π
cos(nαi)−

4Vldc/2

π
cos(nδ))2

(3.6)

subject to the constraint, ∑
i

4V
′
c,sm

π
cosαi = VMMC (3.7)

Note that the cos(k ωt) terms in VAM of Eq. (3.4) have been dropped since they are

in quadrature to the HF-MMC voltage and cannot be minimized through the choice of

switching angles α1, α2.

Eq. (3.6) and Eq. (3.7) have been further modified using Eq. (3.8) for feeding into the

designed algorithm as shown in Eq. (3.9), where a and b are now the switching angles.

kf =
0.5Vldc

V
′
c,sm

,

mag =
VMMC

4V
′
c,sm

π

(3.8)
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The minimization of Eq. (3.9) is equivalent to the minimization of the function in

Eq. (3.6).

Figure 3.5: A block diagram of the designed online optimization algorithm (left) and

Progression of coordinate descent algorithm implemented at each iteration(right).

min f =
∑

n=5,7,11

1

2n4
(
∑
i

cos(nαi)− (kf )cos(nδ))2

s.t.
∑
i

cos(αi)−mag = 0
(3.9)

Forming the Lagrangian for the current optimization problem [78, 79], Eq. (3.10) is

obtained.

L(x, λ) =
∑

n=5,7,11

1

2n4
(
∑
i

cos(nαi)− (kf )cos(nδ))2 + λ (
∑
i

cos(αi)−mag) (3.10)

In addition to the constraint on MMC fundamental voltage magnitude in Eq. (3.9),

it is also possible to view the optimization problem with inequality constraints on the

switching angles, 0 ≤ αi ≤ π/2. However, it is observed that these inequalities are

almost always inactive meaning that the optimal solutions don’t exist at the boundaries

of these inequalities and they can be discarded.

In order to apply the Karush-Kuhn-Tucker Necessary conditions (KKT conditions)

for a minimum [79] with the Lagrangian in Eq. (3.10), the gradients of the lagrangians

in Eq. (3.11) should be set to zero.
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∇αiL = AL(−sin(11αi)) +BL(−sin(5αi))+

CL(−sin(7αi)) + λ(−sin(αi))

∇λL =
∑
i

cos(αi)−mag
(3.11)

where AL, BL and CL are as defined in Eq. (3.12).

AL =
1

113
(
∑
i

cos(11αi)− kf cos(11δ))

BL =
1

53
(
∑
i

cos(5αi)− kf cos(5δ))

CL =
1

73
(
∑
i

cos(7αi)− kf cos(7δ))

(3.12)

These gradients ∇αiL and ∇λL are set to zero by forming another optimization problem

as shown in Eq. (3.13).

min g =
1

2
||∇||2,∇ =

(
∇α1L,∇α2L, ., .,∇λL

)′
(3.13)

This minimization problem is solved using coordinate gradient descent method[80, 81]

described below. Each optimization variable is updated as per Eq. (3.14) where the step

sizes βi and the partial derivatives of the cost g, ∇ig are used to update the components

xi. Note that the value of the component, say x1, at the (k + 1)th iteration is used to

calculate ∇2g for updating the next component x2[80].

xk+1
1 = xk1 − β1∇1g(xk1, x

k
2, .., x

k
m)

xk+1
2 = xk2 − β2∇2g(xk+1

1 , xk2, ..x
k
m)

(3.14)

For the current problem, with 4 sub-modules per arm β3 = 0.5, β1 = β2 = 0.01 were

for the three optimization variables, λ, α1, α2 respectively by observing the values of the

hessians. Constant step sizes chosen according to Eq. (3.15) gurantees convergence to

a stationary point and Eq. (3.16) holds[81]. In Eq. (3.15), ε is a small number greater

than zero and L1 and L2 are the bounds on the values of the hessians ∇2
1g and ∇2

2g.

Termination condition depends on the range of size of the gradients for the optimiza-

tion problem, and for the current problem the termination condition of log(norm(∇gm)) =
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−40 was experimentally found to be satisfactory.

ε ≤ β1 ≤
2− ε
L1

,

ε ≤ β2 ≤
2− ε
L2

,

ε, L1, L2 > 0

(3.15)

g(xk+1
1 , xk2, x

k
3) ≤ g(xk1, x

k
2, x

k
3) (3.16)

Thus, the update of each of the components at iteration k + 1 of the optimization

vector x = {α1, α2, .., λ} can be written as shown in Eq. (3.17), where the subscript m

denotes the mth optimization variable. The progress of the coordinate descent algorithm

is represented pictorially in Fig.3.5. At the end of Tcpu, the values of the optimization

variables reached thus far are fed back with a delay of NCPU time steps to repeat

calculation of the gradients and update of the optimization variables. NCPU is chosen

to slow down the response of the optimization block in relation to the control loop

around it.

xk+1
m = xkm − βm∇mg(k) (3.17)

The cost function shown in Fig.3.6, formed by the weighted sum of harmonic com-

ponents of the HF-link current is not convex, and a significant change in the shape of

this surface plot might require a new set of starting points for the optimal solution.

For example, for the case of 4 sub-modules per arm and two switching angles a, b, the

surface plot for 0 < δ < π/25 is shown on the right in Fig.3.6. The cost surface for

π/25 < δ < π/2 is shown on the left and the starting points a, b were chosen to be

0, π/3 and π/6, π/3 respectively for these two regions of operation. With this choice of

starting points, the minimum values of the cost obtained by the algorithm have been

observed to be similar to that obtained by the semi-definite programming based MAT-

LAB optimization function, fmincon.
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(a) (b)

Figure 3.6: (a)Optimization cost surface for higher load angles (δ = π/4).

(b)Optimization cost surface for low load angles (δ = π/30)

A note about the computational complexity of the algorithm is given next. For

the calculation of every gradient ∇mg corresponding to mth optimization variable in

Eq. (3.24), it takes l multiplications and additions, where l is the number of optimization

variables. Since there are l different ∇mg to be calculated at every iteration, the order

of complexity per iteration of the algorithm is O(l2). The inputs to the optimization

formulation namely, the load angle δ, magnitude reference command of VMMC and Vhdc

are required to not change over the number of cycles required to arrive at the optimum

cost of the f in Eq. (3.9). Since these inputs depend on actual power values from

renewable energy sources or the grid, the time over which they change are quite large

compared to the rate of decrease of cost objective.

3.3.1 Low voltage side Unity Displacement Power Factor operation

Unity displacement power factor (DPF) operation is motivated by the need for the

minimum value of the fundamental component of the HF-link current for a given real

power transfer. 1

1 The fundamental component of the current could also have been absorbed into the minimization
objective in Eq. (3.6). This was not done since without a constraint on VMMC , there would be sudden
changes in its values for different switching angles solved by the algorithm.
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Figure 3.7: (a)Simplified voltage representation across the HF link. (b)Phasor dia-

gram showing the condition for unity displacement power factor operation at the high-

frequency link

Using Fig.3.7, the fundamental component of current through the HF link is given

by Eq. (3.18).

Ihf =
V2L∠0− VMMC∠− δ

Rhf + jXhf
(3.18)

The current through the HF link can be re-written as shown in Eq. (3.19) following

from Eq. (3.18). A phasor diagram showing this current with its real and imaginary

components is shown in Fig.3.7 where the reference axis is along V2L.

Ihf = Ireal + jIimag =

I1cos(φ)− I2cos(δ + φ)

+j(−I1sin(φ) + I2sin(δ + φ))

I1 =
V2L√

R2
hf +X2

hf

I2 =
VMMC√
R2
hf +X2

hf

φ = tan−1(
Xhf

Rhf
)

(3.19)

Setting Iimag of Ihf to zero in Eq. (3.19), we get the condition for unity displacement
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power factor as shown in Eq. (3.20).

V2L = VMMC(cos(δ) +
Rhf
Xhf

sin(δ))

VMMC =
V2L

(cos(δ) +
Rhf

Xhf
sin(δ))

(3.20)

The real power transferred across the HF link through the fundamental voltage com-

ponents under unity DPF is given by Eq. (3.21). This is derived using V2LIreal and

substituting for VMMC from Eq. (3.20). The combined effects of harmonic impedance

and low harmonic content in the MMC voltage result in negligible power transfer through

the voltage harmonics at either end of the HF-link.

It is noted that the cos(φ) term in Eq. (3.21) is the power loss occurring in the

HF link resistance. δ + φ > 90o for power transfer out of V2L and the minimum δ for

this is given by 90 − φ. As the load angle δ increases making δ + φ increase towards

180o, the power transferred while ensuring unity DPF seems to increase without bound.

The maximum power that can be transferred then depends on the maximum value that

VMMC can increase to, ensuring unity DPF as per Eq. (3.20).

Pupf =
V 2

2L√
R2
hf +X2

hf

(cos(φ)− sin(φ)cot(δ + φ)) (3.21)

In order to determine how the magnitude of VMMC should be adjusted to control

Iimag to zero, the q axis component of the current with the d-q frame synchronized to

V2L is considered. It is seen that Iq > 0 if I2 sin(δ+φ) is more than I1 sin(φ) and VMMC

is decreased to reduce Iq to zero. In decreasing VMMC , delta increases to maintain power

flow and this in turn further reduces I2 sin(δ + φ) since δ + φ is more than 90o, thus

ensuring unity DPF. Similarly, if the term due to I1sin(φ) is larger, Iq < 0 and VMMC

is increased to maintain Iq at zero. The load angle, δ decreases to maintain the same

power flow which further increases I2sin(δ + φ). Thus, the q axis current component

of the HF-link current is fed to a PI controller as in Fig.3.2 which in turn outputs a

magnitude reference command for the online optimization algorithm.

3.4 Results
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In this section, results from the real-time HIL simulations on OPAL-RT, MATLAB/SIMULINK

simulations using the full-scale switching model and the experimental hardware setup

are presented and the proposed control schemes in Section 3.3 are verified. Further, the

overall operation of the proposed power conversion architecture in Fig. 3.1 is validated.

3.4.1 Circuit and Ratings

In the MATLAB/SIMULINK model, both the GS-MMC and the HF-MMC contain

eight half-bridge sub-modules per leg with their dc link capacitances being Csm,g = 5

mF and Cs,hf = 250µF respectively. Their respective arm inductances and resistances

are Larm,g = 4 mH, Larm,hf = 200µH, Rarm,g = Rarm,hf = 0.1 Ω. The GS-MMC

and HF-MMC module switching frequencies are 4 kHz and 1 kHz respectively. The

grid interface and wind trubine interface R-L filters respectively are Lg = 16.58 mH,

Rg = 0.1 Ω, Lwind = 0.35 mH, Rwind = 0.01 Ω. The rated line-line RMS voltages of the

grid and the AC source emulating the wind turbine are 6.1237 kV and 400 V respectively.

OP5700 Real-Time Simulator

CPU Model Controllers (5 µs)

PCIe

  eHSx128- 
HF-link Circuit 
  @ 1.25 µs

  
HF-MMC-mod+VBC,
     Six-Step mod 

Xylinx Virtex 7 FPGA(200 MHz)

FPGA-CPU comm Blocks

SW Pulses

v,i meas

δ/a,b/mhf,abc v,i meas

δ/a,b/mhf,abc 

FPGA-CPU comm Blocks

CPU

v,i meas

(a) (b) (c)

Figure 3.8: (a).Block diagram showing the functions performed by the subsystems of

OP5700 real-time simulator (b) Circuit implemented for HF-link control schemes vali-

dation through HIL simulation (c)Setup of laboratory-scale experimental hardware pro-

totype

In the OPAL-RT based HIL model, the GS-MMC was removed and the dc link

was connected to a fixed voltage source of 13kV to limit the switch count and reduce

the computational burden on OPAL-RT’s proprietary real-time power electronic circuit

solver block called electrical hardware solver(eHS). Also, the wind turbine and its con-

verter are replaced by a current source connected to the low voltage dc link as shown
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in Fig.3.8. The minimum possible eHS time step of 750 ns for this circuit was chosen.

All other eHS circuit parameters were the same as used in the SIMULINK model.

The eHS and the PWM generation blocks run on the Virtex 7 FPGA of OP5700 at

a 200 MHz clock cycle. The PWM blocks were implemented on the FPGA using the

RT-XSG toolbox and Xilinx System Generator by creating a custom bitstream. The

PI controllers, park transformation blocks, the optimization algorithm and other com-

putations required to implement the PWM run on the two Intel CPU cores of OP5700.

A block diagram showing the communication between different subystems in OP5700

is shown in Fig.3.8. To suit the processing power of the solver used, the number of

iterations per time step in Fig.3.5 can be any number ≥ 1. For MATLAB/SIMULINK

based simulations the number of iterations per CPU time step was k = 200 for a sim-

ulation time step of 1.25µs. However, for the OPAL-RT based real-time simulations

k = 1 was used to reduce the computational burden on the CPU core in OP5700 real

time simulator.

The hardware experimental setup consists of a resistive load of 10 Ω replacing the cur-

rent source in Fig.3.8. A load change is implemented using a circuit breaker which com-

pletes path to another resistive load of 47Ω connected in parallel. The HF-transformer

is replaced by a three-phase R-L branch of 330µH and 0.1Ω. The rated MMC dc link

voltage is 75V and the low voltage dc bus is controlled to be 40V. A 2L-VSC dc link

capacitance of 3.3mF . The HF-MMC arm inductors and sub-module capacitors are of

values 26µH and 80µF respectively. The operating frequency of the HF-link is 1111Hz.

The voltage balancing algorithm and the PWM pulses for the MMC sub-modules are

implemented on the Zynq7000/Zedboard FPGA platform while the optimization block,

the PLL and the PI controllers in Fig.3.2 are implemented on two TMS320F28335 exper-

imenter boards. The required signals for synchronization between the three controller

boards are exchanged through GPIO pin-outs. Photographs of the experimental setup

is provided in Fig.3.8c and also in Section A.0.1.

3.4.2 Overall operation

The functioning of the HF-link control scheme can be observed from Fig.3.10. Unity

displacement power factor operation starts at 0.2 sec when it can be seen that the q axis

HF-link current drops to zero from a value of 313.5 A. A positive q-axis current means
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that the MMC fundamental voltage magnitude at the feed-forward value of mag = 1.8

was more than required to maintain unity DPF and accordingly its value was reduced

to the required value of 1.4 by the Vmmc magnitude PI controller and the optimization

block. Upon the onset of unity DPF, the peak value of fundamental current decreased

from 709.4 A to 606.6 A in Fig.3.9c. In response to a decrease in mag to maintain

unity DPF, the load angle δ increases from 0.5046 rad to 0.5682 rad to settle to a new

operating point for transferring the given power at 0.2 sec. The decrease of VMMC and

increase of δ both complement decrease of Ihf from a positive value to zero as explained

in Section3.3.1. mag and δ obey Eq. (3.20) during unity DPF operation for this new

value of δ of 0.5682 rad.

(a) (b) (c) (d)

Figure 3.9: Load change implemented with the (a).MATLAB/SIMULINK

simulation.(b)OPAL-RT HIL simulation.Unity DPF operation on the (c). MAT-

LAB/SIMULINK model.(d) OPAL-RT HIL model

At 0.8 sec there is a step change in power input from the AC source emulating the

wind turbine, from 3 ∗ 200kW to 3 ∗ 240kW as seen from the the currents in Fig.3.9a

changing from a peak amplitude of 1222 A to 1470 A. In response to the step change

in wind power at 0.8 sec, the load angle δ also increases from 0.5682 rad to 0.6464 rad

to transfer more power resulting in higher values of three-phase HF-link currents with

a fundamental magnitude of about 720 A as seen from Fig.3.9a. The mag command

reference also increases to 1.493 as per Eq. (3.20) at this load change.

The low voltage dc link is regulated to be at 1000V through all these changes in

operation with a peak-to-peak ripple of 20 V. At 2 sec, the high-voltage dc link value
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is given a step change in reference from 13 kV to 14 kV and accordingly, the mag

command now decreases from 1.493 to 1.385 to maintain unity DPF in Fig.3.10. The

load angle is observed to not change at 2 sec since the power transferred from the wind

turbine end is not changing and the resultant VMMC presented by the combined effects

of increase of Vhdc and decrease of mag does not change.

(a) (b)

Figure 3.10: HF-link control scheme verification on (a).MATLAB/SIMULINK model

(b).OPAL-RT HIL model

In the OPAL-RT HIL simulations, the three-phase HF-link currents decrease from

a peak amplitude of 293 A to 260 A in response to the start of unity displacement

power factor operation at 61.5 sec as shown in Fig.3.9d. In Fig.3.9b, a step change in

load from 83.33 kW per phase (low voltage dc-link input current of 250 A) to 116.67

kW per phase (dc-link input current of 350 A) at 67 sec causes an increase of the peak

fundamental amplitude of the current from 260 A to 365 A.

In Fig.3.10, the various HF-link control schemes in Fig.3.2 are verified through

OPAL-RT real-time HIL simulations. The control variables δ, mag and the HF-link

q axis current Ihf,q are shown. It observed that mag increases from a feed-forward

value of 1.1, to 1.595 at 61.5 sec upon enabling unity DPF operation to control a neg-

ative Ihf,q to zero. To maintain the same power transfer, δ correspondingly changes

from 0.6598 rad to 0.5656 rad at 61.5 sec following Eq. (3.20). It increases from 0.5656
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rad to 0.7122 rad responding to step change in power input at 67 sec to maintain the

low voltage side dc bus at 1000 V. Correspondingly, mag increases again at 67 sec from

1.595 to 1.754 obeying Eq. (3.20).

In Fig.3.10, the low voltage side dc bus voltage is controlled to a constant value at

1000 V quickly rejecting the disturbance due to start of unity DPF at 61.5 sec and the

load change disturbance at 67 sec.

3.4.3 Switching Angle Trajectory

In Fig.3.11b, the switching angle contours a vs b along zero values of 5th, 7th and 11th

harmonic voltages across the HF link for various values of load angles as a parameter

are shown. The zeros of the harmonics lie on solutions of Eq. (3.22). kf defined in

Eq. (3.8) is a factor that depends on the ratios of Vldc and Vhdc voltages.

cos(na) + cos(nb)− (kf )cos(nδ) = 0 (3.22)
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Figure 3.11: (a)Zero harmonics contours for the case of two switching an-

gles.(b)Comparison of switching angles solutions under conventional and proposed mod-

ulation schemes.(c)Surface plot of harmonics rms values with conventional modulation

scheme.(d)Surface plot of harmonics rms values with proposed modulation scheme.

For a given voltage magnitude of the MMC output AC voltage, switching angles si-

multaneously satisfying the magnitude constraint and closest to the zero harmonic volt-

age contours are chosen by the optimization algorithm. This is illustrated in Fig.3.11a

where the zero harmonic voltage contours have been plotted considering an example load
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angle of π/6. The magnitude contours closer to the origin correspond to higher MMC

fundamental voltage magnitudes and they have been plotted as solutions of Eq. (3.23),

for various values of mag.

cos(a) + cos(b) = mag (3.23)

The red circles indicate the switching angles solved by the proposed optimization algo-

rithm. Note that the switching angles are all towards the top of the x = y line indicating

that b, the second switching angle is more than a, the first switching angle.

3.4.4 HF-link current harmonics reduction

Figure 3.12: Simulation circuit to compare rms-squared values of HF-link current with

the conventional and proposed HF-MMC modulation schemes.
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(a) (b) (c) (d)

Figure 3.13: HF-link harmonic ripple current from the MATLAB/SIMULINK simula-

tion for (a)Conventional modulation. (b)Proposed modulation. HF-link harmonic ripple

current from OPAL-RT HIL simulation for (a)Conventional modulation. (b)Proposed

modulation

The rms current squared is seen to show an improvement by more than three times

for certain MMC voltage fundamental magnitudes as shown in Fig.3.11c and Fig.3.11d.

For example, for δ = 2π/9 and VMMC = (6521/11)V (mag = 1.4), the rms value of

the current harmonics have been found to be 58.47 A with the conventional modulation

(Eq. (4.34)) as compared to 26.49 A with the optimization scheme, an improvement

by 54.69%, for the same fundamental current amplitude of 561 A. At very high values

of mag, the modules need to be inserted quite early in the sinusoidal portion of the

modulating signal in both the conventional and the proposed switching schemes. Due

to this, the difference between the rms current values of the harmonics in the two schemes

decreases. Similarly in Fig.3.13a-Fig.3.13b, the rms value of the current harmonics are

observed to be consistently lower by about 60% in MATLAB/SIMULINK model and

by 25% in the OPAL-RT HIL simulation under all operating conditions marked in the

figure.

3.4.5 Hardware results

In Fig.3.14, a load increase at the lvdc link is performed from 160 W to 195 W and the

lower MMC arm voltages under unity DPF operation at low load and high loads are
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shown. An increase in load angle requires the MMC fundamental voltage to increase

for unity DPF. In Fig.3.15, MMC modulated with conventional switching angles, the

proposed optimization based harmonic control with a fixed feed-forward value of MMC

fundamental voltage, and under unity DPF operation with harmonic control are shown.

With proposed online optimization scheme, and a load of 10% of the rated load, an

efficiency of 87% was observed which was an improvement over conventional modulation

scheme by 7.5%.

(a) (b) (c)

Figure 3.14: (a).Load increase and its effect on the 2L-VSC dc link voltage and the three-

phase MMC arm voltages, Zoomed MMC arm voltages at:(b).light load (c)increased

load

(a) (b) (c)

Figure 3.15: MMC arm voltage,2L-VSC pole voltage and the HF-link current un-

der (a)Conventional modulation scheme (b)Proposed modulation scheme without unity

DPF and only harmonics control (c)Proposed modulation scheme with Unity DPF and

harmonics control
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3.5 Summary

An online optimization based modulation scheme for the HF-MMC to achieve closed-

loop unity DPF operation and HF link current harmonic control was formulated. Along

with this, the low voltage side dc bus control scheme acts in tandem for power transfer

through the high-frequency link. It was observed that the harmonics in the HF-link

current reduce by as much as 60% with the proposed control schemes and the unity

DPF operation helped to reduce the fundamental current amplitude by as much as

15% under certain operating conditions. MATLAB/SIMULINK, OPAL-RT based HIL

simulation results and hardware experimental results confirmed the designed control

schemes at the HF link of the power electronic transformer topology.

3.6 Appendix

In Eq. (3.24) and Eq. (3.25), the subscripts ’L’ on AL, BL

and CL have been dropped and the gradients are written for two

switching angles a, b for the sake of clarity.

∇a g =

(Asin(11a) +B sin(5a) + C sin(7a) + λ sin(a))[
Acos(11a)(11) +B cos(5a)(5) + C cos(7a)(7) + λ cos(a)−

sin2(11a)

112
− sin2(5a)

52
− sin2(7a)

72

]
−

(Asin(11b) +B sin(5b) + C sin(7b) + λ sin(b))[sin(11a)sin(11b)

112
+
sin(5a)sin(5b)

52
+
sin(7a)sin(7b)

72

]
−(cos(a) + cos(b)−mag) sin(a)

(3.24)

∇λ g =

(Asin(11a) +B sin(5a) + C sin(7a) + λ sin(a))sin(a)

+(Asin(11b) +B sin(5b) + C sin(7b) + λ sin(b))sin(b)

(3.25)
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Chapter 4

DC-side Modeling of the

High-Frequency-link MMC in a

Back-to-Back Connected

MMC-based Power Electronic

Transformer

The DC-side model of the High Frequency link-MMC (HF-MMC) to study its response

to an excitation in the dc link is presented in this chapter. The model is derived using a

simplified equivalent circuit that excellently captures its behavior in this regard. Theo-

retical basis for the observed resonant peaks in the frequency response of the sum of the

sub-module output voltages and closed form expressions for these resonant frequencies

are provided. The developed model is validated through extensive simulation results

from MATLAB/SIMULINK. OPAL-RT based Hardware-In-Loop real time simulations

are used to further verify the presented model.

60
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4.1 Introduction

Unlike in the case of MMCs connected through HVDC lines, direct back-to-back con-

nection of MMCs calls for the frequency domain modeling of the High-Frequency MMC

(HF-MMC) phase legs especially when the dc link contains injected excitation voltages

with frequencies of the same order as the output fundamental frequency of the HF-MMC

as shown in this paper. Such a model can then be used to design the control schemes,

switching frequency and the component level parameters of the direct back-to-back con-

nected MMCs with a common dc link.

+
-

+
-

+
-

+
-

/3

/3

/3

L2,eff

R2,eff

Zmod R1,eff R1,eff R1,eff

C1,eff C1,eff C1,eff

L1,eff L1,eff L1,eff

Nhf Vc,hf

Vc,gNg 
*

Vhdc+Σ Vsm,swr

Vhdc+Vdc,swr

Figure 4.1: Circuit schematic to find the transfer function of an excitation voltage in

the MMC phase legs to the dc link across the back-to-back connected MMC.

AC admittance modeling of the MMC was extensively studied in [82, 83, 84, 27, 28].

But the dc side impedance modeling of the MMCs needs special consideration when the

dc link voltage cannot be assumed to be constant and ripple free.

In fig. 4.1, the arm resistances and inductances have been grouped into an effective

inductance and resistance in each phase leg. The switching ripple with frequency com-

ponents around carrier harmonics and its multiples result in each leg due to the sum of

the sub-module PWM output voltages in the grid side MMC as explained in Chapter 2.

They are marked as ΣVsm,swr or N∗gVc,g in fig. 4.1 and transfer on to the dc link as V swr
hdc

through the voltage transfer function H as shown in Eq. (4.1). N∗g is the instantaneous

number of sub-modules turned on in a phase-leg of the grid-side MMC.

With the output fundamental frequency of 60 Hz at the grid-side MMC (GS-MMC),

the excitation frequencies in the dc link are much greater in comparison. Thus, in the

GS-MMC, the terminal model of the sub-module output voltages behave like a simple
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capacitance of value Cg,sm/N as explained in section 4.2. The three legs of the HF-

MMC are represented by the branch containing the impedance Zmod/3 in this paper.

Here, Zmod is the terminal impedance model of HF-MMC submodules.

Zhf = Zmod +R2,eff + sL2,eff ,

Zg =
1

sC1,eff
+R1,eff + sL1,eff

H =
Zhf

Zhf + Zg
=

V swr
hdc

ΣV swr
sm

(4.1)

It is observed that with a sinusoidal excitation in the dc link at a frequency equal to

that of the HF link frequency, this excitation could be amplified by a factor of more than

10 times in the sum of the sub-module output voltages causing severe capacitor voltage

variations and large phase-leg currents as shown in Fig.4.7. In order to theoretically

justify such a behaviour and to find out which excitation frequencies in the dc link

are favourable, the following analysis is performed. This is useful in multi-converter

configurations with a common dc link such as in Chapter 6 to design the individual

HF-link frequencies of the converters.

Finally, it is shown below that the equivalent circuit in Fig.4.2, produces a resonant

peak at the switching frequency of the half-bridges, independent of the variation in

2Larm and Csm/N . This aspect could prove useful in applications requiring resonance

at the same frequency irrespective of change in leakage inductances such as wireless

power transfer [85, 86].

In [87] and more recently in [88, 89] the concept of a switch controlled capacitor was

used to implement a tunable capacitance for applications in resonant power converters.

Instead of a single switch in parallel with the capacitor thus shorting it out or inserting

it as in [88, 87], two half-bridge controlled capacitors results out of the high-frequency

link MMC operation. The main difference is that the sub-module capacitor is bypassed

without resetting the capacitor voltage to zero. Also, there always remains one of the

two capacitors inserted in the resulting R-L-C circuit in this case.

4.2 DC side Modeling of the HF-MMC phase legs

In Fig.4.2, the equivalent circuit of the high-frequency side MMC (HF-MMC) phase legs

to study the effect of the dc link switching ripple is shown. The half-bridge capacitors
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are precharged to half the dc link voltage, Vhdc in Fig.4.2 and the capacitor voltages

being shaped by the sinusoidal excitation voltage in the dc link, are assumed to vary

around zero by removing the dc operating point voltages in the circuit.

For sufficiently high modulation indices, for example, ma > 0.875 or mhf > 0.75

in Eq. (4.34)[76], all submodules in the upper arm are inserted in one half-cycle of the

switching frequency. Likewise in the next half, all submodules in the lower arm are

inserted. Accordingly, the sub-module capacitors in the upper and lower arms of the

MMC are lumped into an equivalent capacitance of value Csm/N at the dc side of the

two half bridges and the arm inductances and resistances are lumped together as shown.

In the analysis below, L = 2Larm and C = Csm/N .

Each of the half-bridges in Fig.4.2 receive a square pulse at a frequency fs, the

frequency of the AC output voltage of the HF-MMC. The switching frequency square

pulse to the half-bridges can be written as shown in Eq. (4.2) with mhf = 4
π to the first

fundamental approximation.

msq = 0.5±mhf (0.5)sin(ωst) (4.2)

In the HF-MMC, mhf can be atmost equal to 1.15 with a common mode voltage

component such as a third harmonic added to the three phase modulating signals. In

this case, the half-bridges receive a nearest-level-modulated(NLM) waveform following

a rule such as in Eq. (4.34), instead of this square pulse thus eliminating the dv/dt

stresses of the transformer and improving the voltage harmonic content.

The model in Fig.4.2 becomes more exact when modulation index is high. However,

it has been observed that some key characteristics of the frequency response of the dc

link impedance model remain the same at lower modulation indices as seen in Section

4.3.

To start with the analysis, it is observed that in each half-cycle of the switching

frequency fs, the circuit in Fig.4.2 reduces to an R-L-C circuit. The Laplace transform

of the voltage equation of such an R-L-C circuit is shown in Eq. (4.3).
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V sin(ωt + αo)
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2Larm 

Vc 
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+ Vhdc
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-
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Figure 4.2: Equivalent circuit to model the frequency response of the HF-MMC phase

legs to an excitation voltage in the dc link.

V
ωcos(α) + s sin(α)

(s2 + ω2)
= LsI(s)− LILo + I(s)R+

1

C

I(s)

s
+
Vco
s

(4.3)

The equation considers an initial condition on the capacitor voltage, Vco and the inductor

current, ILo and a phase angle offset of α in the external sinusoidal voltage at the start

of a time period under consideration. The external sinusoidal voltage source in the dc

link has an amplitude, V and a frequency,f in Hz or ω in rad/sec and its instantaneous

phase angle is denoted by x = ωt+ αo, where αo is the phase angle offset between the

modulating signal in Eq. (4.2) and the sinusoidal excitation in the dc link.

Then, the inverse laplace transform of the capacitor voltage and inductor current, not

considering the series resistance in Eq. (4.3) is as shown in Eq. (4.4) and Eq. (4.5). The

capacitor voltages of the upper and lower half-bridges as a function of x are denoted

by Vc(x) and V ′c (x) respectively. Eq. (4.18) and Eq. (4.17) are damped versions of

Eq. (4.5) and Eq. (4.4) and are used to numerically obtain IL,k, Vc,k, I
′
L,k and V

′
c,k in

fig. 4.3. Vc,k−1 and V
′
c,k−1 are the capacitor voltages of the upper and lower half-bridges

at the beginning of their corresponding half-cycles i.e., the first and second half-cycles,

in the kth cycle of the switching frequency waveform. Similarly, IL,k−1 and I
′
L,k−1 are

the inductor currents respectively, at the beginning of the first and second half-cycles
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in the kth cycle of the switching frequency waveform.

Vc(x) = Vco cos(
x− α
ω
√
LC

) +

√
L

C
ILo sin(

x− α
ω
√
LC

)− V

ω2LC − 1
sin(x)+

V

ω2LC − 1
(cos(

x− α
ω
√
LC

) sin(α) + ω
√
LC cos(α) sin(

x− α
ω
√
LC

))

(4.4)

iL(x) = ILo cos(
x− α
ω
√
LC

)−
√
C

L
Vco sin(

x− α
ω
√
LC

)− V ωC

ω2LC − 1
cos(x)+

V

ω2LC − 1
(ω C cos(

x− α
ω
√
LC

) cos(α)−
√
C

L
sin(α) sin(

x− α
ω
√
LC

))

(4.5)

Eq.(4.16), Eq(4.17)

Inititalize Vc,0, IL,0

IL,0

Eq.(4.16), Eq(4.17)

Inititalize Vc,0'

IL,1

Vc,1

Vc,1'

Repeat
for (D Ngcd) 
iterations

1 1

2
2

3

3

'

  

0 - Ts/2

Ts/2 - Ts

Figure 4.3: Numerical calculation of the initial conditions on Vc,0, V
′
c,0 and IL,0 at the

beginning of a cycle of Vc and iL. After Ngcd applications of Eq. (4.17) and Eq. (4.18),

a cycle completes and Vc and iL reach the same initial conditions as at the begin-

ning. It takes D such iterations for the solutions to converge starting from an arbitrary

initialization of Vc,0, V
′
c,0 and IL,0, where D is a large number such as 1000. Here,

I
′
L,0 = iL(Ts2 ), IL,1 = iL(TS).Vc,1 = vc(

Ts
2 ) = vc(Ts), since the upper capacitor is by-

passed in the interval Ts2 −Ts and its voltage does not change during this time. Similarly

between Ts and Ts + Ts/2, the lower capacitor is bypassed and its voltage at the end of

Ts is preserved till beginning of Ts + Ts/2. Hence, V
′
c,1 = v

′
c(Ts) = v

′
c(Ts + Ts

2 ). After

these D iterations, the 2 Ngcd values of the inductor current and capacitor voltages are

used for calculation in Eq. (4.7).

The operation of the equivalent circuit in fig. 4.2 is such that the capacitors of the

two half-bridges swap each other in forming the series R-L-C circuit every half cycle of
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the high-frequency link fundamental period, Ts. Evaluating Eq. (4.4) and Eq. (4.5) at

the end of each of these half cycles eqs. (4.35) to (4.38) are obtained. In these equations,

h is the fraction of the instantaneous phase angle of the external voltage spanned within

a time interval of 0.5Ts and can be written as h = 0.5Ts
T 2π. α2k = αo + 2 k h, is the

angle spanned by the external voltage thus far till the beginning of the first half of the

(k + 1)th switching cycle. The quantity v in these equations is defined in Eq. (4.8).

When the sub-module capacitances of either of the half-bridges is swapped out, its

voltage does not change. For example, Vc(α2k−1) at the end of the first half of the kth

switching cycle is equal to Vc(α2k) = Vc,k at the beginning of the first half of the (k+1)th

switching cycle, as also explained in fig. 4.3.

To model the terminal behaviour of the two half-bridge controlled capacitors, the

Fourier component of Vmod in fig. 4.2, at the frequency of the driving voltage source is

obtained. This is derived using Eq. (4.4), without considering the series resistance to

keep computations tractable and in aiding insights into the operations of the circuit.

By hitting the upper and lower capacitor voltages given by Eq. (4.4), with cos(x) and

−jsin(x), in their respective half cycles and taking the average over a period of each of

the sub-module’s output voltage, Eq. (4.7) is derived. This is shown in Eq. (4.6).

Vmod =
2

Nf (2π)

Ngcd−1∑
k=0

[ ∫ αo+(2 k+1)h

αo+2 k h
Vc(x)e−jxdx+

∫ αo+(2 k+2)h

αo+(2 k+1)h
V
′
c (x)e−jxdx

]
(4.6)

The capacitor voltages complete a period after Ngcd number of cycles of the switch-

ing frequency, fs as shown in fig. 4.4. In this period of repetition, there are Nf number

of cycles of the driving voltage where Nf and Ngcd are defined in Eq. (4.8). The total

integral over this period is broken down into Ngcd pairs of smaller integrals as shown in

Eq. (4.6), with integration duration of h.
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Vmod =
1

Nfπ

[
Fa(j Ngcd h) +B

Ngcd−1∑
k=0

(Vco,k + V
′
co,ke

−jh)e−jk2h +A

Ngcd−1∑
k=0

(Io,k + I
′
o,ke
−jh)e−jk2h+

2Ngcd−1∑
m=0

(F1 cos(αo +mh) + F2 sin(αo +mh)) e−jmh
]

(4.7)

F1 =
A (ωC)V

ω2LC − 1
, F2 =

B V

ω2LC − 1
, Fa =

V

ω2LC − 1

Ngcd =
fs

GCD(f, fs)
, Nf =

f

GCD(f, fs)

h =
0.5Ts
T

2π =
πNf

Ngcd
, v =

0.5Ts√
LC

(4.8)

A = (
e−jαoωL

(ω2LC − 1)
)[−1 + e−j h(cos(v) + jω

√
LCsin(v))]

B = (
e−jαoω

√
LC

ω2LC − 1
)[−j ω

√
LC − e−j h (−jω

√
LC cos(v) + sin(v)]

(4.9)

In calculating the Fourier series component at the frequency of the external driving

voltage in Eq. (4.7), a total of 2Ngcd pairs of initial capacitor voltages and inductor

currents, from the start of each half-cycle of fs are required. As an example, fig. 4.7

show the waveforms of the sum of the sub-module output voltages, the two capacitor

voltages and the current drawn from the external source when f = fs = 10 kHz. We

observe that Vc, V
′
c and IL complete a period after Ngcd = 1 cycle of fs and accordingly

the corresponding capacitor voltage and the inductor current, at the start of the first

and second half-cycles of fs are required. Similarly, for f = 4.5 kHz and fs = 10

kHz, Vc(t) is shown in fig. 4.4 and here Ngcd = 20 (20 cycles of fs) when the capacitor

voltage completes a period. The general numerical formulation for the calculation of

all the initial conditions required for the evaluation of the Fourier series component in

Eq. (4.7) is shown in fig. 4.3.

In Eq. (4.7), the term with the factor Fa is just the voltage component if both the

half bridges were together replaced with a capacitor of value Csm/N . This is because
Ngcd h
Nf π

= 1 and what remains of the term is j V
ω2LC−1

which is just the voltage across the
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capacitor in an L-C circuit excited with a sinusoidal voltage source. The rest of the

terms in Eq. (4.7) contain the factors A or B in Eq. (4.9). A and B both go to zero

under the following conditions:

f = 2 p fs, fs =
1

2π
√
LC

1

2q
, p, q εN

f 6= 1

2π
√
LC

(4.10)

For example, this means that if the resonant frequency formed by Larm and Csm/N is

20 kHz, then for fs = 10 kHz and f = 40 kHz, the half-bridges behave like a simple

capacitance of value Csm/N .

From fig. 4.13, the blue dotted line represents the magnitude response of this voltage

component and it can be seen that at very low and very high frequencies of excitation

voltage compared to 1√
LC

, the two half-bridges asymptotically follow the response of

a simple capacitance of value Csm/N . Further interpretation of Eq. (4.7) is deferred

until after the investigation into the trend of the initial inductor current and capacitor

voltages Vc,k, V
′
c,k and IL,k, I

′
L,k of Eq. (4.7) which is provided next.

4.2.1 Initial Inductor Current And Capacitor Voltage In Each Half-

cycle

The initial values of the inductor current and the two capacitor voltages at the beginning

of the half-cycles in the Eq. (4.7) heavily influence the shape of the frequency response

of Vmod to the excitation voltages at the dc link.

It is observed from the magnitude plots of Vmod in fig. 4.14 for various excitation fre-

quencies that there is always a peak at the link frequency i.e., the frequency of switching

of the two half-bridges. In addition there is also a resonant peak at a lower frequency

and together these form the two major resonant peaks and which we call, the bigger

sister (BS) and the smaller sister (SS) peaks. The other resonant peaks after the first

two in the higher frequency range in fig. 4.13 are called the daughter peaks.

First, an attempt is made below to understand the two sister peaks. In Eq. (4.11),

eqs. (4.35) to (4.38) are rewritten in matrix form to give the initial values of the state
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variables at the beginning of a cycle as a function of the initial values at the beginning

of the previous cycle i.e., before two half-cycles. The last three terms in each of the

equations eqs. (4.35) to (4.38) which depend on the external voltage applied are ab-

stractly grouped into Jo. The matrix P remains the same through every cycle of fs and

there are Ngcd such cycles before a period of the capacitor voltages or inductor current

is complete. In Eq. (4.12), a similar matrix equation is written considering the starting

point to be I
′
Lo and V

′
co in fig. 4.3 and accordingly the external applied voltage functions

in eqs. (4.35) to (4.38) would have advanced by an angle h.
IL,1

Vc,1

V
′
c,1


W1

=


cos2(v) −y

2sin(2v) −ysin(v)
1
ysin(v) cos(v) 0

1
2ysin(2v) −sin2(v) cos(v)


P


IL,o

Vc,o

V
′
c,o


Wo

+Jo

y =

√
C

L

(4.11)


I
′
L,1

V
′
c,1

Vc,1


W

′
1

= P


I
′
L,o

V
′
c,o

Vc,o


W

′
o

+Joe
j h

(4.12)

Since Eq. (4.7) contains the sum of the initial condition terms such as Vc,k +V
′
c,ke
−j h, a

new initial condition vector as shown in Eq. (4.13) is synthesized by adding Eq. (4.11)

and Eq. (4.12) multiplied by e−j h .

Un = Wn +W
′
ne
−jh, Qn = 2Jn, n = 0, 1, 2...

U1 = P Uo +Qo
(4.13)

It is interesting to note that in Eq. (4.13), Qn = 2Jn and this means that Wn +W
′
ne
−jh

is just equal to 2Wn. This has been verfied from simulations that IL,n+I
′
L,ne

−jh = 2IL,n

and Vc,n + V
′
c,ne
−jh = 2Vc,n. For example, at f = fs, h = π and it is seen from fig. 4.7

that IL,0 + I
′
L,0e

−jπ = 2IL,0.

The general form for the vector Un in Eq. (4.13) can be written as a series as shown in

Eq. (4.14) and Eq. (4.15).

Un+1 = P Un +Qn = P (P Un−1 +Qn−1) +Qn

= P 2 Un−1 + P Qn−1 +Qn
(4.14)
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After (n + 1) cycles, the initial conditions complete a period and return to the same

values as at the start at the beginning of the (n + 2)th cycle as shown in Eq. (4.15).

Later (n + 1) = Ngcd will be used. For example, in fig. 4.4, Ngcd = 20 and a period

completes starting from 0.4 sec at 0.402 sec. At the beginning of the 21st cycle at 0.402

sec, the capacitor voltage returns to the same value as at 0.4 sec.

Uo = Un+1 = P n+1Uo +

n∑
i=0

P iQn−i

Rn

(4.15)

The terms dependent on the external applied voltage formed by the summation in

Eq. (4.15) is denoted by Rn corresponding to the vector at the (n+ 1)th cycle with the

maximum index of the summation to be n.

The time domain equations in Eq. (4.4) and Eq. (4.5) are in a convenient form to

analyze the circuit passing through multiple loops with separate initital conditions in

each half-cycle. The usual time domain equations for analysing an R-L-C circuit are

shown in Eq. (4.16), where fforced is the forced response of the state variable in steady

state and the other two terms represent the natural response [90, 91].

iL = K1 e
s1 t +K2 e

s2 t + fforced

s1, s2 = −β ±
√
β2 − ω2

o

β =
R

2L
, ωo =

1√
LC

(4.16)

For a small damping resistance R, β2 << ω2
o , s1, s2 ' −β ± jωo. Comparing with all

the e±jωo terms in Eq. (4.4) and Eq. (4.5), an additional factor of r(t) = e
−Rt
2L multiplies

these terms to impart damping to the system as shown in Eq. (4.17) and Eq. (4.18).

Vc(x) = r(t)Vco cos(
t√
LC

) + r(t)

√
L

C
ILo sin(

t√
LC

)− V

ω2LC − 1
sin(ωt+ αo)+

V r(t)

ω2LC − 1
(cos(

t√
LC

) sin(αo) + ω
√
LC cos(αo) sin(

t√
LC

))

(4.17)
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Figure 4.4: Upper half-bridge capacitor voltage Vc(t) in fig. 4.2 for a dc side excitation

voltage of 250 V at 4500 Hz - It takes Ngcd = 20 cycles of fs = 10kHz for a period of

Vc(t) to complete-e.g.,0.4-0.402 sec. The first three initial values Vc,k for k = 0, 1, 2 out

of a total of 20 within a period, starting from 0.4 sec are marked as black ellipses.

iL(x) = r(t) ILo cos(
t√
LC

)− r(t)
√
C

L
Vco sin(

t√
LC

)− V ωC

ω2LC − 1
cos(ωt+ αo)+

V r(t)

ω2LC − 1
(ω C cos(

t√
LC

) cos(αo)−
√
C

L
sin(αo) sin(

t√
LC

))

(4.18)

Accordingly, the matrix considering the damping resistance is shown as PR in Eq. (4.19),

where r(t) is being evaluated at the end of every half cycle at t = 0.5Ts.

PR = r


rcos2(v) −r y2sin(2v) −ysin(v)
1
ysin(v) cos(v) 0
r
2ysin(2v) −rsin2(v) cos(v)


r = e−

RTs
4L

(4.19)

The matrices P and PR are diagonalized in Eq. (4.20). The eigen values of P are the

roots of its characteristic equation in Eq. (4.21) and these are shown in diagonal elements

of the matrix ∧ in Eq. (4.20). The exact eigen values of the matrix PR have a complicated

form and the values of r inside the elements of the matrix PR is approximated by 1.

As an example, for a 10 kHz HF link, (4L)/R >> Ts for L = 2Larm = (2)(28µH) and

R = (2)0.1Ω and so r = e−
RTs
4L = 0.92 ' 1 is used within the elements of the matrix
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PR.

P = T ∧ T−1, PR ' T ∧R T−1

∧ =


1

ejθ

e−jθ

 , ∧R =


r

r ejθ

r e−jθ


e±jθ =

1

4

[
q ±

√
−16 + q2

]
(4.20)

[
2λ2 − (cos(2v) + 4cos(v)− 1)

q

λ+ 2
]
(λ− 1) = 0 (4.21)

The eigen values of the matrix PR are as shown by the elements of the matrix ∧R in

Eq. (4.20). Note that θ depends only on the L and C values in the discussion above.

Eq. (4.22) can then be written from Eq. (4.15) with P replaced by PR and Rn replaced

by Rr,Ngcd−1
to account for the inclusion of the factor r in the external voltage dependent

terms.

Uo = (Id − P
Ngcd

R )−1Rr,Ngcd−1 (4.22)

Next, Rr,Ngcd−1
is written in terms of the eigen vectors of the matrix PR since they form

a basis in R3 and Uo can be expressed as shown in Eq. (4.23).

Uo = γ1 (Id − P
Ngcd

R )−1E1 + γ2 (Id − P
Ngcd

R )−1E2 + γ3 (Id − P
Ngcd

R )−1E3

Uo = γ1
1

1− (r)Ngcd
E1 + γ2

1

1− (r ejθ)Ngcd
E2 + γ3

1

1− (r e−jθ)Ngcd
E3

(4.23)

Here γ1, γ2, γ3 are the magnitudes of Rr,Ngcd−1
along the eigen vector directions. Al-

though we don’t have a closed form expression for these γ values, the structure of Uk

still reveals some important characteristics as shown below. Moreover, the exact values

of the magnitude response at any frequency can still be calculated using the numerical

iterative formulation for calculating initial values of the capacitor voltages and inductor

currents in Fig.6 and using them in Eq.31.

Using the equation for Uo in Eq. (4.23) and substituting it in the general form for

Un in Eq. (4.15), Uk can be written as shown in Eq. (4.24).

Uk = γ1
rk

1− (r)Ngcd
E1 + γ2

rk ejkθ

1− (r ejθ)Ngcd
E2γ3

rk e−jkθ

1− (r e−jθ)Ngcd
E3 +Rr,k−1 (4.24)

Now applying the equation for Uk in Eq. (4.7), the first two terms of Uk when taken

inside the summation in Eq. (4.7), result in Eq. (4.25) and Eq. (4.26) by the formula

for the sum of a geometric series. Since 2h = Ts
T 2π, using Ngcd = fs

GCD(f,fs) and
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Nf = f
GCD(f,fs) , we get 2h =

2πNf

Ngcd
.

γ1E1

1− (r)Ngcd

Ngcd−1∑
k=0

rke−jk2h =


γ1E1
1− r , f = nfs, n εN

γ1E1

1− r e
−j

2πNf

Ngcd

, otherwise
(4.25)

γ2E2

1− (rejθ)Ngcd

Ngcd−1∑
k=0

rk ejk(θ−2h) =



γ2E2
1− r , θ = 2h or ∆ = n 2π, n εN

γ2E2

1− r ej∆
,∆ 6= m 2π, θNgcd = m 2π,m εZ

γ2E2

1− (rejθ)Ngcd

(1− (r ej∆)Ngcd

1− r ej∆
)
, otherwise

∆ = θ − 2h

(4.26)

Eq. (4.25) suggests that for r tending to 1, the summation of Uk terms in Eq. (4.7)

tends to a huge value at f = nfs, where Nf = nNgcd at such frequencies. Also, for

f = n fs, Ngcd = 1. For example, if fs = 10kHz and f = 30kHz, Ngcd = 1 and Nf = 3.

The first case in Eq. (4.25) can be viewed as obtained by setting Nf = nNgcd in the

more general formula in case two of the equation.

For the case of Ngcd = 1 and f = n fs , the expression for the single required initital

condition for calculation of Eq. (4.7), IL,0 and Vc,0 are provided in Eq. (4.33). I
′
L,0 and

V
′
c,0 are negative of these as explained before. It is seen that for frequencies that are

odd multiples of fs, there is a peak as captured in Eq. (4.30) and specifically, f = fs is

the major peak, since for other odd multiples, the factor ω2LC − 1 in the denominator

is much bigger for ω >> 1√
LC

. Thus the BS peak occurs at a frequency fBS given

by Eq. (4.27). It is also observed from Eq. (4.33) that for even multiples of fs, the

resonant peak does not exist and this is due to the effect of γ1 which also influences the

magnitude of Uk as mentioned before.
fBS = fs (4.27)

Also, it is seen from Eq. (4.33) that for αo = 0, the magnitudes of IL,0 and Vc,0 are

not significant and the magnitude plot of Vmod for αo = 0o and fs = 10kHz is shown

in fig. 4.13. There is indeed a sharp notch at fs but at frequencies very close to fs, the

peaking is as much as the case for αo = 90o.
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It is interesting to note that the presence of a resonant peak at fBS is insensitive to

changes in values of L and C. It has been observed that the extent of increase of L that

can be supported by the BS peak depends on the value of the dc link voltage,Vhdc in

fig. 4.2. A large value of Vmod at f = fs occurs due to splitting of the upper and lower

half-bridge capacitor voltages as shown in fig. 4.7. In the limits, the lower capacitor

voltage touches zero. To achieve resonance at f = fs, the impedance presented by

the terminal model of the half-bridges, Zmod = −sL should be satisfied. This can be

observed for f = fs when Vmod >> V and using R << sL from Eq. (4.28) and verified

in fig. 4.5. At large values of L, the splitting of the two capacitor is not large enough

to create the same voltage drop as that across sL while allowing a current limited only

by the resistance in the circuit.

Zmod =
R(
sL

R
+ 1)

V

Vmod
− 1

(4.28)
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Figure 4.5: Magnitude plot of the effective impedance offered by the MMC sub-modules

(blue dotted lines), the arm inductors (solid red line), the net impedance formed by the

sum of the two (dashed-dotted yellow line) and the ratio Zmod/(Zmod+sL)for a 10kHz

HF link fundamental frequency. The net impedance(yellow dashed-dotted line) goes

to very low values at the BS and SS frequencies producing a resonance and at high

frequencies the curve asymptotically follows the impedance of the inductor.

Similarly, from Eq. (4.26), it is observed that the summation of Uk terms in Eq. (4.7)

blow up to a large value at θ = 2h, where θ is the angle of the complex pair of eigen

values of the matrix P or PR. In other words, the resonance occurs at that frequency
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fSS shown in Eq. (4.29).

fSS =
θfs
2π

(4.29)

The case 3 of Eq. (4.26) contains the general formula in the RHS and can be used to

obtain cases 1 and 2 of the equation by applying the corresponding conditions shown

in the equation. Taking an example, at fs = 10 kHz, for L and C values as listed in

table 4.2, θ ' 9
202π using Eq. (4.20). For f = 4500 Hz, 2h is also 9

202π using Eq. (4.8).

This gives, ∆ = 0 and the first case in Eq. (4.26). Thus fSS = 4500 Hz for these values

of arm inductance, sub-module capacitance and HF-link frequency as can be verified

from Eq. (4.29). Note that, for these values of L and C and f = 4500Hz, θ Ngcd = 2π

in the term outside the summation in the LHS of Eq. (4.26).

Even for other frequencies such as 500 Hz,1500 Hz, 3500 Hz etc, Ngcd = 20, (∆Ngcd)

and (θNgcd) are multiples of 2π, but this only results in case 2 in Eq. (4.26). Only for

∆ = 0 or ∆ = n2π, case 1 holds. Note that θNgcd = 2π is automatically satisfied for

θ = 2h in case 1 of Eq. (4.26).

From the magnitude response plot in fig. 4.13, in addition to the first two sister

peaks, there are a number of resonant peaks in the higher frequency range. When

2nfs − f = ±fBS and 2nfs − f = ±fSS , daughter peaks(DP) corresponding to BS and

SS respectively are produced as shown in Eq. (4.30).

fDP = (2n fs ± fBS,SS), n εN (4.30)

This can be explained as follows: Using θ = 2πTs
Tss

from Eq. (4.29), TDP = 1
2nfs+fSS

and

2h = 2πTs
TDP

, we get ∆ = θ − 2h to be a multiple of 2π and case 1 of Eq. (4.26) holds. A

similar result can be obtained from the third term of Uk in Eq. (4.24) when ∆
′

= θ+ 2h

becomes a multiple of 2π for TDP = 1
2nfs−fSS

. The general condition on the excitation

voltage frequency for ∆ or ∆
′

to be a multiple of 2 π is given by Eq. (4.31).

f∆ = pfs ± fSS , p εN (4.31)

It is observed from the numerical calculation of initial conditions using fig. 4.3 and

Eq. (4.7) that there is an actual observed peak only for even values of p in Eq. (4.31) and

this is captured in Eq. (4.30). Unlike for Ngcd = 1, the general closed form expression for

the initial values of the capacitor voltages and inductor currents such as in Eq. (4.33), for

the smaller sister or its daughter peaks involve looping through Eq. (4.18) and Eq. (4.17)

multiple times (example, Ngcd = 20 for f = 4500 Hz).
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The two degree-of-freedom model in Eq. (4.32) is seen to mimic the model in Eq. (4.7)

as shown in fig. 4.17 for the case of fs = 10 kHz. The constants d1 and d2 are obtained

from the magnitudes of Vmod, M1 and M2, at ωBS and ωSS using Eq. (4.7) and fig. 4.3,

and by setting the dc gain to be unity. Since Eq. (4.7) is dominated by capacitive

term at high and low frequencies, ω << 1√
LC

and ω >> 1√
LC

, a similar second order

term such as in Eq. (4.32) also captures this behaviour in these frequency ranges. In

the region near the resonant sister peaks,the resonant terms in Eq. (4.32) dictate the

frequency response of Vmod.

Vmod,2DOF
V

=
d1 (ω2

BS)

s2 + ω2
BS

+
d2 (ω2

SS)

s2 + ω2
SS

d1 (ω2
BS)

d2 (ω2
SS)

=
M1

M2

d1 + d2 = 1

(4.32)

OP5700 Real-Time Simulator

CPU Model Controllers (5 µs)

PCIe

  eHSx128- 
HF-link Circuit 
  @ 1.25 µs

  
HF-MMC-modulation
           +VBC
      

Xylinx Virtex 7 FPGA(200 MHz)

FPGA-CPU comm Blocks

SW Pulses

mhf,abc 

mhf,abc 

FPGA-CPU comm Blocks

CPU

v,i meas

Figure 4.6: Block diagram of HIL real-time simulation implementation on OPAL-RT-

The FPGA consists of two main blocks- eHSx128 and the PWM generation block.

The eHSx128 is OPAL-RT’s electrical hardware solver block which models the circuit

in hardware. In the PWM generation block, HF-MMC modulation scheme is imple-

mented. Capacitor Voltage Balancing logic is designed in the FPGA to balance the

MMC sub-module capacitors. Communication of control signals such as the HF-MMC

modulating signals mhf,abc, from the CPU to the FPGA are exchanged through Periph-

eral Interconnect Express cables (PCIe).
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4.3 Results
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Figure 4.7: Comparison of time-domain waveforms of the equivalent circuit in

fig. 4.2(dashed red lines) and the MMC in fig. 4.9(blue solid lines) in response to a

dc side excitation voltage at f = fs = 10 kHz and an amplitude of 250 V.
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IL,0 =
V

ω2LC − 1

(
− ω C cos(αo)−

2 r

r2 − 1

√
C

L
sin(αo)sin(v)

)∣∣∣∣
ω=(2n+1)ωs

IL,0 =
−V ωCcos(αo)
ω2LC − 1

∣∣∣∣
ω=(2n)ωs

Vc,0 =
−V

ω2LC − 1

1 + r2 + 2 rcos(v)

r2 − 1
sin(αo)

∣∣∣∣
ω=(2n+1)ωs

Vc,0 =
−V sin(αo)

ω2LC − 1

∣∣∣∣
ω=(2n)ωs

(4.33)
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Figure 4.8: Hardware-In-Loop Real time simulation waveforms of the MMC in fig. 4.9

in response to a dc side excitation voltage at f = fs = 1 kHz and an amplitude of 250

V.
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In Fig.4.7 are shown the time domain waveforms from the MATLAB/SIMULINK simu-

lation of HF-MMC circuit and the equivalent circuit in Fig.4.2 with a modulation index

of mhf = 1.15 made possible with third harmonic injection. These waveforms have

been obtained for a 10 kHz HF link with circuit parameters as in table 4.1. It can be

observed that the waveforms almost overlap with each other showing the validity of the

equivalent circuit for high modulation indices.

In fig. 4.6, the block diagram of the HIL implementation on OPAL-RT for verifica-

tion of the presented model is shown. Voltage balancing of the sub-module capacitors

and switching pulses for the HF-MMC are generated by custom created FPGA logic

block. The switched model of the MMC circuit in fig. 4.9 is implemented on the electri-

cal Harware Solver Block on the FPGA. The modulating signals for the HF-MMC are

sent to the FPGA from the CPU cores in OPAL-RT. The time domain waveforms for

a HF-link frequency of 1 kHz and other parameters as in table 4.1, using HIL real-time

simulations from OPAL-RT are shown in Fig.4.8 and a similar trend can be observed.

Vhdc X X X

vex

+

-

vc

vc'

iL

-

+

+-

Vu,mod

Vl,mod

Figure 4.9: Experimental HF-MMC circuit to compare time domain waveforms and

frequency response of the HF-MMC phase legs with the equivalent circuit in fig. 4.2 and

the analysis expression for Vmod in Eq. (4.7).
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Parameter Value

Vhdc 10 kV

Vex 250 V

MMC- 1 kHz - 200 µH, 0.1 Ω, 250 µF

Larm, Rarm,Csm 10 kHz - 28.847 µH, 0.1 Ω, 31.831 µF

50 kHz - 3.988 µH, 0.1 Ω, 10.61 µF

Table 4.1: Simulation parameters for the circuit in Fig.4.9. The arm inductances and

sub-module capacitances are chosen to limit the sub-module capacitor voltage ripple to

within 1% of its dc value and second harmonic circulating currents to within 2% of the

maximum fundamental output current of 200 A.
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Figure 4.10: Magnitude plot at fs = 10kHz, of the sum of upper and lower arm sub-

module output voltages from the MMC circuit in Fig.4.9(blue solid lines), Vmod in the

equivalent circuit in Fig.4.2(red solid lines) and the magnitude response as calculated

from Eq. (4.7) with required initial conditions on IL, Vc andV
′
c obtained numerically as

per fig. 4.3(black diamonds).
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Figure 4.11: The phase plot corresponding to the magnitude response in fig. 4.10 from

the MMC circuit in fig. 4.9(yellow solid lines), from fig. 4.2 (blue dashed lines) and from

the analysis as explained in fig. 4.10(black circles).

The magnitude plots of Vmod as a function of frequency extracted from fig. 4.9 and

fig. 4.2 for a HF link frequency of 10 kHz and circuit parameters as in table 4.1, are

shown as the blue and red solid lines respectively in fig. 4.10. In fig. 4.11, their cor-

responding phase plots are also shown and they once again almost superimpose each

other. The magnitude and phase of Vmod are plotted as black diamonds in fig. 4.10 and

fig. 4.11 using Eq. (4.7), and fig. 4.3 for the calculation of the initial values in Eq. (4.7).

The frequency response from the simulation and those from the analysis are observed

to match well with each other. At close to resonant frequency of 1√
LC

and at the two

sister peak frequencies, there is an error from the experimental results in fig. 4.10 due

to Eq. (4.7) not considering the series resistance. It is interesting to note that the phase

of Vmod in fig. 4.11 alternates between almost 0o and almost 180o every time a resonant

frequency is crossed. This can be understood from the general partial fraction expansion

form such as in Eq. (4.32) for a multiresonant system[92].
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Figure 4.12: Magnitude response plot of Vmod from OPAL-RT HIL simulation (yellow

squares), using Eq. (4.7) and numerical calculation of intitial conditions with fig. 4.3

(black diamonds), MATLAB/SIMULINK simulation results (solid blue line).
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Figure 4.13: Magnitude response of Vmod in fig. 4.2 with fs = 10 kHz, to the excitation

voltage V at the dc link(red solid lines) with αo = 90o, with αo = 0o (green dotted line).

It is observed that there is a notch at fBS with αo = 0o as per Eq. (4.33) and Eq. (4.7).

The magnitude reponse of a capacitor of value Csm/N (blue dashed-dotted lines) is also

shown and Vmod asymptotically follows the capacitor’s response at very high and very

low frequencies.

For a 1 kHz HF link and circuit parameters in table 4.1, the magnitude plots of the

sum of upper and lower sub-module output voltages in fig. 4.9, from OPAL-RT based

HIL simulation are shown in fig. 4.12 for mhf = 1.15. In the same figure, the magnitude

plot of Vmod using the analytical expression in Eq. (4.7) and MATLAB/SIMULINK

simulations of fig. 4.2 are shown. Once again, a good match is observed between the
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three plots.
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Figure 4.14: Magnitude plots of the frequency reponse of the circuit in fig. 4.2 at

fs = 1kHz-solid line, 50kHz-dashed-dotted line, with frequency axis scaled by 10 times

and 0.2 times respectively, and at fs = 10kHz-dotted line, shown in the same plot.

The BS peaks always lie at the link frequencies and the SS peaks follows the values in

table 4.2.
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Figure 4.15: Magnitude response plot of Vmod using the equivalent circuit model in

fig. 4.2 for the link frequency of 1 kHz and Csm = 100µF, 150µF, 200µF and 250µF

with Larm = 200µH. The peaks in the plot have been tabulated in table 4.2.

The frequencies of the resonant peaks in fig. 4.13, fig. 4.14 and fig. 4.15 have been

tabulated in table 4.2. Also, the expected values of fSS using Eq. (4.29) and the angle

of the complex pair of eigen values in Eq. (4.20) have been tabulated for various values

of HF-link frequencies, sub-module capacitances and arm inductance values. The first
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daughter peak in the last three rows using Eq. (4.30) for the frequencies of fSS tabulated

in table 4.2, are at 1512.2 Hz, 1565.9 Hz and 1721.8 Hz. At these frequencies it can be

verified that θ + 2h = 4π, for the corresponding θ values in table 4.2. Also, DP exist

only at even numbers p in Eq. (4.31) as mentioned before.

It is seen that the observed frequencies of the smaller sister peak and the daugh-

ter peaks as per Eq. (4.30) in table 4.2 are within a maximum error of 2% from the

theoretical values. Also, the magnitude of observed Vmod at the theoretical fSS and

observed fSS are within a maximum margin of 4%. The daughter peaks of the BS peak

always occur when the dc link excitation is at odd multiples of the link frequencies from

Eq. (4.30), and the values of the intitial currents for these frequencies at the beginning

of each half-cycle of fs follow Eq. (4.33).

It is interesting to observe that the expected daughter resonant peak at 3 kHz for

a sub-module capacitance value of Csm = 250µF is absent for the HF link at 1 kHz as

tabulated in table 4.2 and observed in fig. 4.15. This can be explained by observing

that the resonant frequency formed by the 2Larm and 0.25Csm for Csm = 250µF and

Larm = 200µH is at the HF link frequency of 1 kHz. Substituting for Ts = 2π
√
LC in v

of Eq. (4.33) and ω = 3ωs, reveals that the numerators of the terms dependent on r in

IL,0 and Vc,0 are almost zero in case the HF-link is at the resonant frequency. However,

even in this case, the BS peak still exists because the denominator of these terms tend

to zero faster than the numerator and there is a needle-peak at fBS , specially for this

case as observed from fig. 4.12.

For other values of Csm, a predominant peak at 3fs can be observed from fig. 4.15.

It is also observed that for lower values of Csm, the smaller sister peak is smaller in

magnitude. This can be explained from the fact that, at low values of SS peak frequen-

cies and far away from the resonant frequency formed by L and C, the numerator of

the coefficient A and B in Eq. (4.9) is so small that it does not amplify the Uk terms in

Eq. (4.7) sufficiently. In these cases the corresponding daughter peaks are quite signifi-

cant in amplitude as seen from fig. 4.15.

In fig. 4.14, the magnitude responses of fig. 4.2 at HF link frequencies of 10 kHz, 1

kHz and 50 kHz for Csm and Larm as tabulated in table 4.1 are shown. The frequency

axis for the 1 kHz plot has been scaled by 10 times and that of the 50 kHz plot has
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been scaled by 0.2 times to show in the same plot. The SS peak frequencies follow the

expression obtained from the analysis as seen from table 4.2 and the BS peak remains

fixed at the link frequency.
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Figure 4.16: Magnitude plot of the frequency response of the MMC circuit in fig. 4.9 at

fs = 10kHz to a dc link excitation voltage for varying values of modulation index.

In fig. 4.16 are shown, the magnitude response plots from fig. 4.9 for mhf = 0.7

and mhf = 0.6 respectively in the blue dashed-dotted line and the green solid line. For

comparison, the magnitude response plot for the case of modulation index of 1.15 is also

shown by the red dotted line in fig. 4.16. It is seen that the SS peak shifts slightly to the

right while the BS peak remains at the link frequency of fs. Also, there are a number

of micro-resonances occurring between the two sister peaks as seen from the green solid

line for lower modulation index of 0.6. Although at lower modulation indices such as

0.6 the total number of modules inserted per phase leg is still N, they are composed of

(N-1) in one of the arms and 1 in the other for most of the time as against N and 0 for

higher modulation indices. Since the capacitor voltages of these (N-1) and 1 capacitors

are balanced in two different groups they cannot be considered as a single capacitor

anymore.
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Figure 4.17: Comparison of magnitude and phase plot vs frequency from Eq. (4.32)(red

dashed-dotted and blue dotted lines) and from the equivalent circuit in fig. 4.2(black

solid and green solid lines), for fBS = 10kHz and fSS = 4.5kHz. d1 = 0.3180 and

d2 = 0.6820 was used in Eq. (4.32).

In the magnitude response plots, it has been repeatedly observed that there is an

antiresonant dip between any two resonant peaks. This can again be explained as

following from the partial fraction expansion form for a general multiresonant system

such as shown in Eq. (4.32) [92]. If the coefficients d1 and d2 are of the same sign

then there is an antiresonant dip between ωBS and ωSS since the denominators are of

opposite sign at a frequency between the two resonant frequencies. In fig. 4.17, the

comparison of the magnitude response from Eq. (4.32) and from the equivalent circuit

in fig. 4.2 for fs = 10 kHz is shown.
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fs(kHz)
L(µH)

-2Larm

C(µF )

-0.25Csm

θ(rad)

-Eq. (4.20)

fSS,t(kHz)

-Eq. (4.29)

fSS,o(kHz)

-Observed

Vmod(V )

-fSS,t

Vmod(V )

-fSS,o

DP(kHz)-Observed

10 57.7 7.96 2.8312 4.506 4.5 1960 1964 15.5, 24.5, 30

50 7.9 2.65 2.7055 21.529 21.3 1314 1324 79, 121.53 150

1 400 62.5 3.1414 0.499 0.495 1137 1147 1.5, 2.5, -, 3.5

1 400 50 3.0650 0.4878 0.480 771.5 803.6 1.515, 2.495, 3, 3.520

1 400 37.5 2.7277 0.4341 0.425 382.6 427.2 1.565, 2.445, 3, 3.575

1 400 25 1.7478 0.2782 0.270 259.5 267.6 1.721, 2.290, 3, 3.730

Table 4.2: Resonant peaks in the frequency response of the HF-MMC phase legs de-

signed for various fundamental link frequencies, fs. The BS peak always lies at the link

frequency and is not shown separately. The SS peak follows the prediction in Eq. (4.29)

and the daughter peaks follow Eq. (4.30).

4.4 Summary

The dc side modeling of the HF-MMC phase legs was performed and it was shown that

the frequency response of the sum of sub-module output voltages is dominated by reso-

nant peaks at frequencies called as the two sister peaks and several associated daughter

peaks. Correspondingly closed form expressions of the frequencies of these peaks were

presented. It was observed that the major resonant peak lies at the link frequency or

the switching frequency of the HF-MMC. This resonant peak is largely insensitive to

the changes in the inductance and capacitance values forming the series R-L-C network.

Through the simulation results from MATLAB/SIMULINK and Hardware-In-Loop sim-

ulation results from OPAL-RT, the magnitude and phase response plots from the model

was observed to match closely with the experimental results.
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4.5 Appendix

ma = 0.5 + 0.5 (mhf ) sin(ωst), 0 ≤ mhf ≤ 1

NON = round0.5(Nma)

ma ≥ 0.875, all 4 modules ON

0.875 > ma ≥ 0.625, 3 modules ON

0.625 > ma ≥ 0.375, 2 modules ON

0.375 > ma ≥ 0.125, 1 modules ON

0.125 > ma ≥ 0, 0 modules ON

(4.34)

Vc,k = Vc,k−1cos(v) +

√
L

C
IL,k−1sin(v)− V

ω2LC − 1
sin(α2k−1)

+
V

ω2LC − 1
(cos(v)sin(α2k−2) + ω

√
LCcos(α2k−2)sin(v))

(4.35)

IL,k = I
′
L,k−1cos(v)−

√
C

L
V
′
c,k−1sin(v)− V ωC

ω2LC − 1
cos(α2k)+

V

ω2LC − 1
(ωCcos(v)cos(α2k−1)−

√
C

L
sin(α2k−1)sin(v))

(4.36)

V
′
c,k = V

′
c,k−1cos(v) +

√
L

C
I
′
L,k−1sin(v)− V

ω2LC − 1
sin(α2k)

+
V

ω2LC − 1
(cos(v)sin(α2k−1) + ω

√
LCcos(α2k−1)sin(v))

(4.37)

I
′
L,k−1 = IL,k−1cos(v)−

√
C

L
Vc,k−1sin(v)− V ωC

ω2LC − 1
cos(α2k−1)+

V

ω2LC − 1
(ωCcos(v)cos(α2k−2)−

√
C

L
sin(α2k−2)sin(v))

(4.38)
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Chapter 5

Design Considerations at the

High Frequency Link

HF-transformer design based on area-product method[93] and design for maximizing the

number of HF-MMC sub-modules that undergo soft-switching as in [94] yield accurate

design values of the transformer leakage inductance. In this chapter, some design equa-

tions for the transformer turns ratio and the effect of variation of the HF-link leakage

inductance over a chosen range on some of the parameters discussed so far is presented.

It assumes a 2kV margin of voltage variation on Vhdc to provide frequency regulation

and inertial power support to the grid.

The resistance of the HF link depends upon the asymmetries in the mutual coupling

between the primary and secondary windings and is taken to be 0.03Ω at 1 KHz cor-

responding to that of a mega-watt level HF-transformer [95]. Nominal value of Vhdc is

13 kV and N is the number of sub-modules per arm and is set to 4 in the following

equations. The HF link is designed to operate at 1 KHz.

89
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5.0.1 Conditions for Soft switching at the HF-link low voltage side

converter

δ 

0 
Ts/6 2Ts/6 Ts/2 

I II III 

VMMC 

V2L 

Figure 5.1: The stepped down MMC voltage waveform with only its fundamental

frequency component and the six-step voltage waveform produced by the HF-link

2L-VSC

Usually, the current available for soft-switching is found by writing piece-wise current

equations for every change in voltage across the HF transformer [96, 52]. Since the

MMC voltage consists of a number of levels in its voltage waveform, writing piecewise

equations for every change in the MMC voltage can become tedious [52]. In [97], anal-

ysis of the HF-link waveforms by expressing both the applied voltages and the link

current using trigonometric Fourier series cofficients was suggested. Here, only the

MMC side voltage is analysed using Fourier series coefficients and the analysis provided

below yields a general expression for the soft-swtiching current available for any such

number of harmonics and for all load angles, δ. The NLM waveform created by the

MMC is assumed to be sinusoidal to start with in the analysis presented. Later, the

exact expression for the soft-switching current by adding the kth harmonic to the MMC

voltage is presented. Also, the analysis incorporates the high-frequency link resistance
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in contrast to the usual case of considering just the leakage inductance of the HF-link.

V2L,n and VMMC,N are the voltages with respect to the transformer neutral points in

fig. 3.1b, referred to the low voltage side. The distinct voltage levels in the six-step

voltage waveform of the two-level converter are denoted as V1 = Vldc
3 and V2 = 2Vldc

3 .

Van in fig. 3.1b is assumed to be of the form VMMC sin(ωst−δ) lagging VAN by an angle

δ. The time domain voltage equations across the high frequency link during intervals

I, II and III in fig. 5.1 are shown in Eq. (5.1). Rhf and Lhf are the leakage inductance

and resistance of the HF-link.

i Rhf + Lhf
di

dt
= V1 − VMMC sin(ωst− δ),

0 ≤ t ≤ Ts
6
, i(0) = Io

i Rhf + Lhf
di

dt
= V2 − VMMC sin(ωst− δ +

π

3
),

Ts
6
≤ t ≤ 2Ts

6
, i(

Ts
6

) = Io2

i Rhf + Lhf
di

dt
= V1 − VMMC sin(ωst− δ + 2π/3),

2Ts
6
≤ t ≤ Ts

2
, i(

2Ts
6

) = Io3

(5.1)

The Laplace transform of the voltage equation across the R-L impedance of the high

frequency link assuming an initial value of current, Io is shown in Eq. (5.2).

I(s)Rhf + Lhf (s I(s)− Io) = V2L,N (s)− VMMC,n(s) (5.2)

Intervals marked as I, II and III in fig. 5.1 extend for one-sixth of a cycle and the Laplace

transform equation of the current in interval I in shown in Eq. (5.3a). The subscript

hf for R and L has been dropped for the rest of the analysis to keep the equations

short. At the beginning of interval II in fig. 5.1, the initital current through the link is

denoted as Io2 and the the MMC voltage would have advanced by 60o. The next level

in the two-level inverter’s voltage is V2. Using this, the Laplace transform equation of

the current during the second interval is shown in the second equation in Eq. (5.3b).

With further advance of the MMC voltage by 60o, using an initial current Io3 and the

level V1 again for the six-step waveform in interval III we have the third equation in

Eq. (5.3c).

Taking inverse laplace transforms of the equations in Eq. (5.3), the currents at the

end of interval I, II and III are equated to Io2, Io3 and back to Io respectively for steady
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state operation and are shown in eqs. (5.4) to (5.6). Substituting for Io2 and Io3 from

these equations in Eq. (5.6), we get Eq. (5.7). Note that the time durations for interval

I, II and III are equal to 1
6 fs

and this value was set as ts at the end of each interval to

get expressions for currents Io2 and Io3.

Following a similar process, it is found that the error terms in the soft switching

current due to each additional harmonic in the MMC voltage is given by the general

formula for Io,error,kth in Eq. (5.8). Zk and ψk are the magnitude and impedance angle

of the HF-link R-L impedance at the kth harmonic of the MMC voltage.

The final expression for the current available for soft switching is shown in Eq. (5.9)

where, the relation V2 = 2V1 was used to eliminate the V2.

I(s) =
V1

s(sL+R)
− VMMC

ωs cos(δ) + s sin(−δ)
(s2 + ω2

s)(sL+R)
+

Io
s+R/L

(5.3a)

I(s) =
V2

s(sL+R)
− VMMC

ωs cos(
π
3 − δ) + s sin(π3 − δ)

(s2 + ω2
s)(sL+R)

+
Io2

s+R/L
(5.3b)

I(s) =
V1

s(sL+R)
− VMMC

ωs cos(
2π
3 − δ) + s sin(2π

3 − δ)
(s2 + ω2

s)(sL+R)
+

Io3
s+R/L

(5.3c)

Io2 =
V1

R
(1− e−

Rts
L ) + Io e

−Rts
L +

e−
Rts
L VMMC sin(−δ − ψ1)

Z1
−

VMMC sin(ωsts − δ − ψ1)

Z1

(5.4)

Io3 =
V2

R
(1− e−

Rts
L ) + Io2 e

−Rts
L +

e−
Rts
L VMMC sin(π3 − δ − ψ1)

Z1
−

VMMC sin(ωsts + π
3 − δ − ψ1)

Z1

(5.5)

Io =
V1

R
(1− e−

Rts
L ) + Io3 e

−Rts
L +

e−
Rts
L VMMC sin(2π

3 − δ − ψ1)

Z1
−

VMMC sin(ωsts + 2π
3 − δ − ψ1)

Z1

(5.6)
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−Io = e−3Rts/LIo +
V1

R
(1− e−Rts/L + e−2Rts/L − e−3Rts/L) +

V2

R
(e−Rts/L − e−2Rts/L)−

VMMC

Z
sin(δ + ψ)(1 + e−3Rts/L) + Io,error,kth

(5.7)

Io,error,kth = −
kVMMC

Zk
(sin(k δ + ψk))(1 + e−3Rts/L) (5.8)

−Isoft =
V1

R

(1 + e−Rts/L − e−2Rts/L − e−3Rts/L)

(1 + e−3Rts/L)
−

∑
k=1,3,5,..

kVMMC

Zk
sin(k δ + ψk)

= GV1 −
∑

n=1,3,5,..

kVMMC

Zk
sin(k δ + ψk)

ts =
1

6 fs
, V1 =

Vldc
3

(5.9)

0 0.5 1 1.5 2

Resistance( )

0

1

2

3

4

G
, 

s
in

(
+

1
)/

Z
1
 (

-1
))

L
hf

 = 200  H

L
hf

 = 100  H

 = 30
o
, L

hf
 = 100  H

Figure 5.2: Plot of G in Eq. (5.9)(solid lines) with HF-link resistance on the x-axis for

HF-link inductance values of Lhf = 100µH, 150µH and 200µH. Also shown is the

dependence of the coefficient of the MMC voltage fundamental component(dotted line)

on the link resistance for δ = 30o.

The soft-switching current using Eq. (5.9) is plotted against variation of mag defined
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in Eq. (3.8), in fig. 5.3. kVMMC in Eq. (5.9) is given by Eq. (3.3) and the switching

angles are determined acoording to the online optimization scheme. This optimization

algorithm is run offline to yield the switching angles for fixed values of load angle δ

and mag and the data are plotted as solid lines in fig. 5.3 and fig. 5.4. The simulation

data is also plotted using the circuit schematic in fig. 3.12 for various values of mag in

fig. 5.3 for a load angle of π/6 and for various values of δ in fig. 5.4 with mag = 1.6

. kVMMC in Eq. (5.9) could be positive or negative depending on the switching angles

alpha1 and alpha2 in Eq. (3.3). The impedance angle of the fundamental ψ1 is almost

90o thus implying that increase in δ should favour soft-switching. However, if 5VMMC or

7VMMC are positive and k δ+psik is around an angle such as 45o, this trend may depart

depending on the magnitudes of these harmonics. In fig. 5.3 and fig. 5.4, a negative

current implies current is available to discharge the top switch of the HF-link 2L-VSC.

As mag increases, this current generally decreases in these plots and similarly increase in

load angle δ generally increases it for the magnitudes plotted in fig. 5.4. It is interesting

to note the cross over of the lines for δ = 0 and δ = π/6 at higher values of mag and this

is not surprising considering the dominance of the MMC voltage harmonics in Eq. (5.9)

in these regions. The expression in Eq. (5.9) is further used to ensure sufficient current

for soft-switching at the two-level converter switches under unity displacement power

factor operation, by the appropriate design of the HF-link in this chapter. A plot of the

factor G in Eq. (5.9) is shown in fig. 5.2 and it is seen that for the link resistance varying

from 0.01 to 0.2 Ω, it varies from 3.35 to 3.05 and the factor 2 sin(δ+ψ)
Z for δ = 30o varies

from 2.76 to 2.97. This implies that the soft-switching current should decrease with

increase in resistance as shown in fig. 5.5. Also, for other values of Lhf namely 150 µH

and 200 µH, G in the same range of resistance values decreases to a peak value of 2.22

and 1.68 respectively as shown in fig. 5.2. The overall dependence of Isoft on increase

in HF-link inductance in given in Section 5.0.3 under unity DPF operation.
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Figure 5.3: Isoft plotted against varying magnitude of VMMC and δ as a parameter
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Figure 5.4: Isoft plotted against varying load angle and mag as a parameter.
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Figure 5.5: Isoft plotted against varying link resistance with load angle δ as a

parameter for mag = 1.5 and Lhf = 112.5µH

5.0.2 Transformer Turns Ratio

The maximum turns ratio 1 : Tmax of the transformer, from the low voltage side to the

high voltage side is obtained by ensuring that Eq. (3.20) is satisfied i.e., VMMC is of

sufficiently large magnitude, atleast at the maximum value of mag defined in Eq. (3.8).

This is depicted in Eq. (5.10a) and Tmax can be written as shown in Eq. (5.10b). The

term dependent on δm in Eq. (5.10b) keeps increasing with increase in delta thus re-

ducing Tmax. Beyond a certain load angle, δm, Tmax decreases below Tmin given in

Eq. (5.10d) and this is the limiting load angle δm.

Tmin is given by the lowest turns ratio, so that atleast at the minimum value of mag, the

required lowest value of VMMC for unity DPF is attained i.e., Eq. (5.10c) holds good.

The maximum value of cos(δ) + R
X sin(δ) is given by 1/cos(tan−1 R

X ) and using this we

get Eq. (5.10d).
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Figure 5.6: Variation of Tmax with increase in Lhf with load angle, δ as a parameter.

The limiting load angle δm = 50o here, is obtained when Tmax decreases below Tmin.

4

π

Vhdc,min
N T

magmax ≥
4

π

Vldc
2

1

cos(δ) + R
X sin(δ)

(5.10a)

Tmax =
Vhdc,min(magmax)

N V ldc
2 ( 1

cos(δm)+ R
X
sin(δm)

)
(5.10b)

4

π

Vhdc,max
N T

magmin ≤
4

π

Vldc
2

1

cos(δ) + R
X sin(δ)

(5.10c)

Tmin =
Vhdc,max(magmin)

N V ldc
2 cos(tan−1 R

X )
(5.10d)
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5.0.3 Soft switching
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Figure 5.7: Variation of worst-case current available for soft switching with load angle

in degrees on x-axis and Lhf as a parameter under unity DPF operation.

The condition for soft-switching at the HF link two level converter switches is shown

in Eq. (5.11), where Isoft is the minimum magnitude of current required during 0-1

transitions of the switches. Only the magnitude of current is considered here and a

positive current refers to current available to discharge the switch capacitances.

V1

R

1 + e−x − e−2x − e−3x

1 + e−3x
− VMMC

Z
sin(δ + ψ)−∑

k=5,7,11

kVMMC

Zk
sin(k δ + ψk) > |Isoft|

(5.11)

As described in section 5.0.1, kVMMC in Eq. (5.11) depends on cosine functions of

switching angles as per Eq. (3.3) and it could be positive or negative. Also, depending

on the load angle, sin(k δ + ψk) could be postive or negative. kVMMC is atmost 1/k

times VMMC and thus, in order to find the worst case current available for soft switch-

ing, kVMMC = VMMC/k and |(sin(kδ + ψk))| is substituted for the terms inside the

summation in Eq. (5.11). VMMC in Eq. (5.11) is written using the condition for unity

DPF in Eq. (3.20) thus extracting Isoft while maintaining unity DPF operation. The

resulting equation is plotted for variation in load angle δ on the x-axis, with Lhf as a

parameter. It is observed that Isoft decreases with increase in Lhf .

For the IGBT output capacitance of 100nF at the HF link two-level converter and

deadtime of 10us[98], the current required to discharge the low voltage dc bus value of
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1000V on a top device in the two-level converter is found to be -20 A. Actually, the

output capacitance of the device is a highly non-linear function of the collector-emitter

voltage[98] and the highest value of this capacitance during the switch state transition

is used here. Here, the effective capacitance is taken to be 2 ∗ 100nF since the top and

bottom device output capacitances come in parallel during the switch state transition.

It is observed from fig. 5.7 that for any Lhf value ≤ 80µH which is the third line from

the top in fig. 5.7, this condition is satisfied for all load angles in the range 0 to 50

degrees. Considering another instance of Lhf = 100µH, the fourth line from the top

in fig. 5.7, the worst case condition for soft switching is not satisfied in the load angle

range of 30 to 35 degrees and also for very low load angles less than 2 degrees.

5.0.4 % THD

The % THD is designed using empirically obtained maximum cost values from the

optimization problem. max(fmin) was observed to be 0.0085 for a load angle δ < δm

of 45o and for mag = 1.95. The % of RMS current due to harmonics from Eq. (5.12)

was found to be 17.5% of the fundamental for V
′
c corresponding to the lowest value of

Vhdc = 12kV and the nominal value of HF link current Ifund = 500 A corresponding to

160 kW per phase. The value of Lhf was readjusted to 100µH to reduce the THD to

within 15% to a value of 14%. The soft-switching current condition seemed to be easily

met since the value of Vn, for n = 5, 7, 11, was not simultaneously the maximum value

of 1/n and positive at any time.

%RMShar = 100

√
(
4V ′c
π

)2
max(fmin)

X2I2
fund

(5.12)

5.0.5 Maximum Power Transfer

Finally, the maximum power transfer possible for a limiting load angle of δm = 50o

and ensuring unity DPF for an Lhf = 100µH is found using Eq. (3.21) to be 370.4 kW

per phase. Here, a V2L of 4Vldc/2√
2pi

was used as the RMS value of the low voltage side

fundamental voltage. The parameters designed in this section are summarized in cloumn

1 of table 7.1.
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Parameter MATLAB/SIMULINK OPAL-RT, HF-link circuit OPAL-RT, BB-MMC PET

Nominal DC bus voltage 13 kV 13 kV 11 kV

Module Capacitor Precharge voltage 2500 V 2500 V 5000 V

Nominal Grid Phase voltage, frequency 5000 V,50 Hz - 4000 V, 50 Hz

Module Capacitor-Grid side,HF side 5 mF, 250µF -,250 µF 5 mF, 250 µF

Arm Inductor-Grid side, HF side 4mH,200µH -, 200 µH 4mH,200µH

Arm Resistance 0.1 Ω 0.1 Ω 0.1 Ω

MMC Module Switching frequency- Grid side, HF side 4000 Hz, 1000 Hz -, 1000 Hz 4000 Hz, 1000 Hz

No. of Modules per Leg- Grid side, HF side 8,8 -,8 4,4

Grid Interface R-L filter R = 0.1 Ω, L=16.58mH - R = 0.1 Ω, L=16.58mH

HF transformer turns ratio 8 9 8

HF-link impedance referred to low voltage side R = 0.03 Ω, L = 100 µH R = 0.2 Ω, L = 200 µH R = 0.1 Ω, L = 100 µH

Low voltage DC bus voltage 1000 V 1000 V -

Low voltage side DC bus capacitance 4 mF 4 mF -

Wind turbine side AC source voltage(L-L,rms) 400 V - -

Wind turbine side converter filter R = 0.01 Ω, L = 0.35 mH - -

HF side R-L load - - R = 0.5 Ω, L = 1 µH

Table 5.1: Simulation Parameters for SIMULINK model in Chapter 2 and Chapter 3-

column 1, and OPAL-RT HIL simulations in Chapter 3-column 2 and Chapter 2- column

3.

5.1 Summary

An analytical expression for the current available for soft-switching at the low-voltage

side two-level converter in the topology under research was obtained. Design equations

involving soft-switching condition at the HF link 2L-VSC, condition for unity DPF,

maximum power transferred under unity DPF and percentage rms value of harmonics

in the HF link current were used to arrive at the transformer turns ratio and HF link

leakage inductance values.



Chapter 6

A Multi-port Modular Multilevel

Converter Architecture with

Decoupled Power Flow Control

for Grid Integration of

Heterogeneous Renewable Energy

Resources

Recent surge in the adoption and grid-integration of renewable distributed energy re-

sources (DERs) at utility scale has spurred the interest in power-electronic architectures

for interface at medium-voltage (MV) grid. The constant endeavor to achieve higher

power densities has brought forth the need for multi-port converter topologies capable of

integrating heterogeneous energy resources through a common interface scheme. In this

paper, a novel high-frequency link transformer based multi-port power converter termed

Distributed-Phase-MMC (DP-MMC) is proposed for the grid-integration of DERs at

MV level. The topology has several advantages such as modularity at sub-module as

well as sub-system level, decoupled/independent power flow through its input ports and

101
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reduced voltage stresses in the HF-transformer windings. A simplified equivalent cir-

cuit and a phasor-based analysis are proposed for the system, which provide qualitative

and quantitative insights into the power transfer mechanism across different ports. In

addition, a control scheme is proposed based on this analysis that ensures stable oper-

ation of the system while injecting the required active/reactive power to the grid. The

proposed scheme achieves the critical objective of unifying dispatchable storage systems

with intermittent renewable energy systems at MV-level. Detailed MATLAB-Simulink

results validate the overall operation and control of the proposed multi-port DP-MMC

architecture.

6.1 Introduction

Integration of utility-scale distributed energy resources (DERs) and energy storage sys-

tems (ESS) to the medium voltage grid through cascaded power-converter topologies

have gathered significant attention [42, 43, 40, 41]. These cascaded converters typically

aim to interface DERs at about 1 kV to the MV grid between 5 kV - 34.5 kV [44, 45].

To match the difference in voltage levels and for isolation purposes, these interfaces

usually involve a PE high-frequency transformer [44, 99, 45, 40, 41]. A major setback

in most of these prior-art topologies is that each submodule of the cascaded converter

is required to employ a HF-transformer, which is of single-phase type rendering the

system bulky in size and weight. In particular, the power-circuit topology in [44, 99, 45]

demands equal power sharing between the cascaded sub-modules (SMs). This is a chal-

lenge, especially when the DER is a PV source tracking the maximum power point

(MPP). In this case, equal power sharing is not feasible without having a dedicated

battery storage system integrated through an appropriate port. In [100], a three-phase

HF-transformer based stacked-converter topology is considered, yielding size reduction.

This topology is also multi-port in nature, but it does not allow decoupled bidirectional

power flow at the AC ports. In other such cascaded multi-port topologies proposed

in [41, 40], exclusive closed-loop control-systems are required at sub-module level to

regulate SM-capacitor voltages, that allows grid-interactive ancillary services.

Modular-multilevel converter (MMC) based topologies have the major advantage of

requiring only a single three-phase HF transformer for the grid-interface [14, 15, 16].
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Reference [94] proposes a variant in the form of a three-phase series connected MMC

topology that offers the benefit of reduced number of sub-modules for processing given

power. However, the downside in these topologies is that the transformer terminal-to-

terminal winding voltage stresses at the high voltage side and the primary to secondary

voltage stresses are notably high (as high as MV level) [17, 18, 52]. Also, these architec-

tures are not multi-port and do not contain parallel power-transfer paths through the

HF-link.

In order to address the concerns existing in these prior-art topologies, a novel MMC

based multi-port converter architecture with HF-links is proposed in this chapter, that

allows integration of heterogeneous renewable DERs and battery storage systems. The

salient features and advantages of this topology are: (a) the intra- and inter-winding

voltage stresses on the HF transformer are reduced by a factor equal to the number of

AC-ports, (b) customizable number of HF-transformers chosen based on AC-port count

and winding stress, but independent of total SM-count (that is needed to reach MV

level), (c) bidirectional and decoupled power flow at each port without requiring bat-

tery storage, that allows for power exchange between these AC ports as required, and

(d) multiple MMC based converters can be interfaced to a central grid-side converter via

a common dc-link, (e) capability to offer grid-interactive ancillary services via control

of the single common dc-link voltage across the cascaded converters.

We refer to this topology as a distributed-phase (DP)-MMC, as the SMs of the cas-

caded converter (of each phase) are distributed into various groups corresponding to the

multiple AC-ports.

A simplified equivalent circuit and a phasor-based analysis are proposed for the DP-

MMC, based on which the power transfer mechanism across various ports is studied

qualitatively and quantitatively. A control scheme is proposed for operation of the DP-

MMC that ensures stability and tracks the power commands at the input/output ports.

Detailed switched model results in MATLAB/Simulink are presented that validate the

overall operation and control of the proposed multi-port DP-MMC architecture.
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6.2 Proposed Power Circuit Architecture

The detailed circuit diagram of the proposed Distributed-Phase MMC for the case of

two output ports is shown in Fig.6.1b. The sub-modules of each phase of the MMC

is distributed into as many groups as the number of output ports. The phase legs

contain one upper arm, one lower arm and an intermediate arm between every pair of

three-phase AC ports. The exists a HF transformer at each of the output ports and the

number of such ports can be customized to be two or more. The transformer neutrals

are left floating. With Ng groups or output ports, the transformer terminal-to-terminal

voltage stress is limited to ( 1
Ng

)th of that in [14, 15, 16, 17, 18, 52] and the transformer

turns ratio required to match the low voltage side is also reduced correspondingly. Each

port allows power to be drawn in, sent out or to draw zero power from the low voltage

side source independent of the other output ports. The grid side converter is the regular

MMC without any transformer in connecting to the medium voltage grid.

(a)
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Figure 6.1: (a). A block diagram of the presented DP-MMC topology in a multi-

converter configuration with a common dc link interfacing PV arrays, electric vehicle

charging stations, storage units and fuel cells. (b). Detailed circuit diagram of the

proposed DP-MMC based PET architecture
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6.3 Operating Scheme

The GS-MMC controls the currents drawn from the grid and performs the functions

of Vhdc control, providing reactive power support to the grid, operation during grid

unbalance and faults, virtual inertia support to the grid for frequency regulation and

providing other grid ancillary services. The GS-MMC sub-modules are modulated us-

ing phase-shifted carrier sine-triangle PWM(PSC-PWM) ensuring minimum carrier fre-

quency harmonics in the output voltage. PSC-PWM is especially suited when the

number of sub-modules in the MMC are small as is the case here. The effective switch-

ing frequency harmonics in the output voltage is at 2N times the switching frequency

of each sub-module.

The HF-DPMMC ensures minimum conduction losses in the HF-links by current

harmonic control and controlling the currents to be at unity displacement power factor

with the HF-2LVSCs. The HF-2LVSCs maintains the low voltage dc links at the com-

manded reference value. The switching frequencies of both the HF-DPMMC and HF

side 2L-VSC at each of the output ports are the same as the output voltage fundamental

frequency across the transformers. The HF side 2L-VSCs operate in six-step mode since

there are six steps in every fundamental cycle of its line-neutral voltage waveform. Both

the primary and the secondary sides of the HF transformers don’t see PWM waveforms

thus avoiding the dv/dt stresses involved if a carrier frequency at 10 times the HF link

frequency is used for modulation.

Figure 6.2: Comparison of DP-MMC arm-voltages (Phase-A)
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6.4 DP-MMC PWM and Voltage Balancing Controls

The PWM scheme of the DP-MMC is such that the voltage at the phase poles corre-

sponding to each output port is formed as a result of voltages in the arms connecting

to the negative of the dc bus and the voltage in the arms connecting to the positive

of the dc bus. For example, with two output ports in the DP-MMC, the pole voltages

in the upper port is formed by the upper arm voltage and the sum of the intermediate

arm and lower arm voltages. Similarly the pole voltages at the lower port is formed

as a result of the lower arm voltage and sum of the upper arm and intermediate arm

voltages. These voltages for phase a are shown in Fig.6.2. This operating mechanism

leads to the HF transformer neutral points of the upper port and lower port to be at

dc voltages of value 3Vhdc
4 and Vhdc

4 respectively.

The number of sub-modules to be inserted in the intermediate arm are determined

as N∗2 + N∗3 and shown in Fig.6.3. The modulating signal in-phase with the output

voltage at the upper port which similar to the lower arm modulating signal in a con-

ventional MMC, and the one out of phase with the voltage at the lower port are used to

generate N∗2 and N∗3 . The sub-modules of the intermediate arm are sorted and balanced

together. Similarly, the number of sub-modules to be inserted in the upper arm and

lower arm of the DP-MMC are obtained as N∗1 and N∗4 shown in Fig.6.3. The voltage

balancing of the sub-modules is performed among the respective modules in these arms.
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Figure 6.3: Overall voltage balancing, gate pulse generation and control scheme for the

DP-MMC sub-modules

6.5 Simplified Equivalent Circuits

The overall equivalent circuit of the DP-MMC operation is depicted in Fig.6.4a. The

HF-links are current controlled for the required power transfer. They are at unity

displacement power factor with the 2L-VSC voltage. Thus, the 2L-VSC voltage and

the link impedance can be replaced by constant current sources of magnitudes given by

Eq. (6.1) and shown in Fig.6.4c.
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Figure 6.4: (a) DP-MMC equivalent circuit at HF-link fundamental frequency, (b) equiv-

alent circuit for circulating current Icir,f , and (c) equivalent circuit for output currents

from AC-ports.

The rest of the analysis assumes that the phase angle of
−−→
VM,1 to be zero i.e., the

reference vector. Also, since the drop across the arm inductance and arm resistances

are small, the phase angle of
−→
Vu is assumed to be 180o i.e., it is exactly out of phase

with VM,1.

V2L,1 =
4

π
Vldc,1, V2L,2 =

4

π
Vldc,2

Ihf,1 =
P1

V2L,1
, Ihf,2 =

P2

V2L,2
,

−−→
Ihf,1 = Ihf,1∠− δ1,

−−→
Ihf,2 = Ihf,2∠− δ2,

−−−→
V2L,1 = V2L,1∠− δ1,

−−−→
V2L,2 = V2L,2∠− δ2

δ1 = ∠(V2L,1 + Ihf,1 Z2), δ2 = ∠(V2L,2 + Ihf,2 Z2) + θ

(6.1)

The pole voltages of the converter at each of the output ports can then be written using
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the 2L-VSC voltage and drop across the link impedance as shown in Eq. (6.2).
−−→
VM,1 =

−−−→
V2L,1 +

−−→
Ihf,1 Z2

−−→
VM,2 =

−−−→
V2L,2 +

−−→
Ihf,2 Z2

(6.2)

The DP-MMC arm currents are obtained as superpositions of currents from Fig.6.4c

and Fig.6.4b and shown in Eq. (6.3),Eq. (6.4) and Eq. (6.5).
−→
Iu,1 = 0.5

−−−→
Ihf, 1 + 0.5

−−→
Ihf,2

−→
Ii,1 = −0.5

−−−→
Ihf, 1 + 0.5

−−→
Ihf,2

−→
Il,1 = −0.5

−−−→
Ihf, 1− 0.5

−−→
Ihf,2

(6.3)

Icirc,f =

−→
Vu +

−→
Vi +

−→
Vl

2
−→
Z1

(6.4)

−→
Iu =

−→
Iu,1 +

−−−→
Icirc,f

−→
Ii =

−→
Ii,1 +

−−−→
Icirc,f

−→
Il =

−→
Il,1 +

−−−→
Icirc,f

(6.5)

The pole voltages VM,1 and VM,2 at the output ports is written in terms of the arm

voltages and 2L-VSC voltages in Eq. (6.6).
−−→
VM,1 = (

−→
Vl −

−→
Vu)A+ (

−−−→
V2L,1 +

−−−→
V2L,2)B +

−→
Vi C

−−→
VM,2 = (

−→
Vl −

−→
Vu)A+ (

−−−→
V2L,1 +

−−−→
V2L,2)B −

−→
Vi C

(6.6)
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The quantities A,B,C are given in Eq. (6.7).

A =
(Z2||Z1)||Z2

(Z2||Z1)||Z2 + Z1

B =
(Z1||Z2)||Z1

(Z1||Z2)||Z1 + Z2

C = 0.5

(6.7)

The intermediate arm voltage is expressed in terms of VM,1 and VM,2 as shown in

Eq. (6.8).

−→
Vi =

−−→
VM,1 −

−−→
VM,2 (6.8)

Since, VM,1, VM,2, V2L,1 and V2L,2 are known the upper and lower arm voltages are

solved using Eq. (6.6) and Eq. (6.8) as shown in Eq. (6.9) and Eq. (6.10).

−→
Vlu =

−→
Vl −

−→
Vu =

1

A
(0.5(

−−→
VM,1 +

−−→
VM,2)−B(

−−−→
V2L,1 +

−−−→
V2L,2)) (6.9)

−→
Vu = −Re[

−→
Vlu] +

Im[
−→
Vlu]

tan(θ)
+ j0

−→
Vl =

Im[
−→
Vlu]

tan(θ)
+ jIm[

−→
Vlu]

(6.10)

Ignoring the losses in the converter, the dc current drawn from the high voltage dc

link can be expressed as shown in Eq. (6.11).

Idc =
Re[1.5 (

−−−→
V2L,1

−−→
Ihf,1

∗ +
−−−→
V2L,2

−−→
Ihf,2

∗)]

Vdc
(6.11)



111

Figure 6.5: Phasor diagram showing relationship between key quantities as a function

of power at the three-phase ports and the phase shift between DP-MMC groups

6.5.1 Selection of θ

To obtain the sub-module capacitor voltages in the DP-MMC arms, the system of

equations in Eq. (6.12) are solved for the five unknown variables m1,m2, Vc,1, Vc,2 and

Vc,3 as a function of the parameter θ.

4m1 Vc,1 = −Vu,

4m1 Vc,2 − 4m2 Vc,2 cos(θ) = Re[Vi],

4m2 Vc,2 sin(θ) = −Im[Vi],

4m2 Vc,3 sin(θ) = Im[Vl]

0.5 (4Vc,1 + 8Vc,2 + 4Vc,3) +
2 Idc

3
R1 = Vdc

(6.12)
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The resulting expressions for the capacitor voltages are provided in Eq. (6.13),

Vc,1 =
E (−Vu Im[

−→
Vi ]sin(θ))

D

Vc,2 =
E (−Im[

−→
Vi ])

(
cos(θ)Im[

−→
Vi ]− sin(θ)Re[

−→
Vi ]
)

D

Vc,3 =
E (Im[

−→
Vl ])

(
cos(θ)Im[

−→
Vi ]− sin(θ)Re[

−→
Vi ]
)

D

(6.13)

where D and E are given by,

D=(−Vu Im[
−→
Vi ] + 2Im[

−→
Vi ]Re[

−→
Vi ]− Im[

−→
Vl ]Re[

−→
Vi ]) sin(θ)

− 2 Im[
−→
Vi ]

2 cos(θ) + Im[
−→
Vi ] Im[

−→
Vl ] cos(θ) (6.14)

E = 0.5 (Vdc − 2 IdcR1) (6.15)

Fig.6.5 shows a phasor diagram showing the relationship between the fundamental com-

ponents of various converter quantities as a function of θ and power absorbed at the

output ports in case of two such three-phase outputs. It is observed that the value

of θ that minimizes converter arm currents and capacitor voltage ratings depends on

the value of powers absorbed at the output ports. Fig.6.6 shows the arm current and

capacitor voltage over-ratings as a function of θ, plotted using Eq.6.13 and Eq.6.5, for

the case of P1 = 1 MW and P2 = 450 kW.
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Figure 6.6: Over-ratings of : a). semiconductor currents and b).sub-module capacitor

voltages, as a function of θ
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6.6 Results

6.6.1 Circuit Ratings

Table 6.1: Ratings and system parameters

Parameter MATLAB-Simulink

Nominal DC-bus voltage 13 kV

Nominal Grid voltage, frequency 5000 V(p)k,50 Hz

SM Capacitance - Grid side, HF side 5 mF, 500µF

Arm Inductance-Grid side, HF side 4mH,200µH

Arm Resistance 0.1 Ω

MMC fsw- Grid side, HF side 4000 Hz, 1000 Hz

NSM - Grid side, HF side 8,16

Grid Interface R-L filter R = 0.1 Ω, L=16.58mH

HF transformer turns-ratio 4

HF-link impedance (LV side) R = 0.03 Ω, L = 50 µH

LV DC-bus 1000 V

LV DC-bus capacitance 4 mF

In this section, simulation results from MATLAB/SIMULINK demonstrating the oper-

ation of the circuit topology in Fig.6.1b are provided.

The DP-MMC sub-module capacitances and arm inductances were chosen to be 500

µF and 200 µH respectively to limit the sub-module capacitor ripple to within 5% of its

nominal value. The HF transformer turns ratio was chosen to be 4 at both the ports.

The number of modules per leg of the DP-MMC was chosen to be 16. The circuit

parameters of the overall topology are provided in table 6.1.

6.6.2 Overall Operation

Fig.6.7a-Fig.6.7b show the three-phase currents at the two ports due to a step change

in power from 1 MW to 600 kW and from 450 kW to 1 MW occurring at 1 sec at the

two ports.
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Fig.6.7c show the phase change in the three-phase grid currents due to resultant power

direction reversal at the grid side.

Fig.6.7d-Fig.6.7e show the phase relationship of the phase-a HF link currents at the

two ports and at the grid side with the pole voltages of the 2L-VSC and grid voltage

respectively. The power is flowing into the port 1 as observed from Fig.6.7d and out of

port 2 in Fig.6.7e and the power direction at the grid reverses in Fig.6.7f at 1 sec.

(a) (b) (c)

(d) (e) (f)

Figure 6.7: (a). HFAC port 1 three-phase currents - power into the port decreases from

1MW to 600 kW at 1 sec (b). HFAC port 2 three-phase currents - power out of the port

increases from 450kW to 1 MW at 1 sec (c). Grid currents change phase relationship

with grid voltage to transition from power being delivered to the grid to power being

absorbed from the grid (d). Zoomed version of (a) with phase a current and 2L-VSC

pole voltage (e). Zoomed version of (b) with phase a current and 2L-VSC pole voltage

(f).Single phase version of (c) with phase a grid current and voltage
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Figure 6.8: (a) Arm capacitor voltages prior to 1 sec (b) Repeat of (a) after 1 sec (c).

The two HF-link 2L-VSC dc bus voltages

The sub-module capacitor voltages of the three arms before and after the step change

in power occurs at the two ports is shown in Fig.6.8a and Fig.6.8b. The low voltage

side dc link voltage at the two ports is also shown in Fig.6.8c and is regulated to be

constant at 1000V.

6.7 Conclusion

In this paper, a novel multi-port power converter termed Distributed-Phase-MMC is

proposed for the integration of heterogeneous DERs to MV grid. The overall operation

is analyzed using an appropriate equivalent circuit and phasor analysis. An appropriate

control scheme is presented that achieves bidirectional as well as decoupled power flow

at each of its AC-ports. The arm current and sub-module capacitor voltage expressions

as a function of power and phase-shift angle are analytically evaluated, which aids sizing

and rating of semiconductor devices. The operation of the DP-MMC is demonstrated

using a full-order switched model simulation in MATLAB-Simulink for various power-

command changes. The results verify the bidirectionality and decoupled power flow

capability of the DP-MMC. The proposed scheme achieves the critical objective of

unifying dispatchable storage systems with intermittent renewable energy systems at

MV-level voltage.



Chapter 7

A Novel Proposal and Control

Scheme for Virtual Inertia

The increasing penetration of renewable energy sources into the grid has brought upon

the need for synthetic inertia. This is to be meted out by the corresponding power

electronic interfaces integrating these Distributed Energy Sources into the grid. In par-

ticular, a novel interface scheme using back-to-back MMCs to integrate wind turbines to

the collection grid at voltages of 34.5kV has been shown to possess substantial potential

for virtual inertia in this chapter. The large stored potential energy in the virtual dc link

between the MMCs is used to emulate the characteristics of a synchronous generator

in case of step load changes. Inertial parameters of the back-to-back MMC has been

derived enabling comparison with a synchronous generator connected to the grid. A

control scheme to provide additional power to emulate the inertial characteristics of a

synchronous generator has been developed. The corresponding over-ratings of currents

and voltages to support this function have been quantitatively described. Frequency

response characteristics due to step load changes in a weak grid has been considerably

improved with the proposed interface scheme as verified by simulation results.

7.1 Introduction

The back-to-back MMC proposed here has a virtual dc link which is created by an

appropriately chosen modulation scheme[18]. The effective capacitance here, is trivially

116
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small compared to the effective capacitance in between the MMCs in case of a HVDC

transmission line[60, 58] where the DC bus is a rigid DC source irrespective of the

number of modules inserted in each leg of the MMCs. This virtual dc link is at voltages

of the order of twice the collection grid voltage which results in a large stored potential

energy in it.

In existing wind turbine systems, to provide inertial support in case of step load

changes, the stored kinetic energy in the turbine is utilized which results in slowing

down of the wind turbine and deviation from its MPPT operating point[101]. Also,

the duration of this additional power is limited depending upon the inertia of the wind

turbines and the extent to which they can be slowed down. After this additional power

due to inertia stops, the wind turbine has to be brought back up to speed of the MPPT

operating point[101]. This requires that only a fraction of the available power, even

at these non-optimal speeds of the wind turbine is available to feed to the grid. This

results in not extracting the maximum power available from the wind during this speed

excursion away from the MPPT. In this paper, an alternative means of providing inertia

using the stored energy in the virtual dc link in the back-to-back MMC is proposed which

can ensure that additional power due to inertia can be provided for a longer time while

simultaneously extracting the maximum power available from the wind at all times.

7.2 System Topology Considered for Analysis

The system topology considered for the analysis of the performance of inertial control of

the back-to-back MMC is shown in fig. 7.1. Since the focus of this paper is to investigate

the control of back-to-back MMCs in the PET, the wind turbine and its associated

converter in fig. 3.1 have been replaced by a ideal three-phase high frequency ac source

for simulation purposes. The back-to-back MMC, is connected to a 3 phase HF AC

source through a HF, Y-Yg 1:1 transformer on the load side. Also, the detailed circuit

diagram of the back-to-back MMCs forming the virtual dc link and the overall control

schemes employed for the grid connected operation of the MMC has been described in

[18].

The relevant parameters and ratings of the various components in the system topol-

ogy are given in table 7.1. Load 1 in fig. 7.1 is switched ON to simulate a step load

change and Load 2 remains connected throughout. Also, the nomenclature of some
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variables used in the analysis is provided in table 7.2.

7.3 Equivalent Swing-Equation Small Signal Model of the

MMC

HFpTransformer

34.5pkV

MMC MMC

L
1

L
2

S.G I.G.

34.5kV,60pHz

34.5pkV3-php
HFpACpsource

Figure 7.1: System topology considered

for studying inertial characteristics of

the MMC

Id Ug IqX  d

q 

Iq I 

δ

IdX  

Us 

s

Figure 7.2: Phasor diagram involving

MMC’s output phase voltage, phase

current and the grid voltage

The power balance equation of a synchronous generator is as shown in Eq. (7.1), where

Pin is the power input from the governor as per Eq. (7.2). The rate of change of kinetic

energy stored in the rotor,
d( 1

2
J ω2

m)

dt results in the term due to inertia of the rotor in

Eq. (7.1). In heavy rotors, a large inertia, J of the machines, results in the required dωm
dt

of the machines to be small for a given step load change. Using Pout = EVout sin(δ)
Xs

, and

linearizing Eq. (7.1) about the nominal operating point δ, in p.u. basis and assuming

no change in Pin, we get Eq. (7.3). Replacing the coefficients in Eq. (7.3) by Tj , Ts

and TD, we get Eq. (7.4). Eq. (7.4) has been represented in the form of a schematic in

fig. 7.3[102], which is the small signal model of the swing equation of the synchronous

generator.

Pin − Pout = Jωm
dωm
dt

+D(ωm − ωg) (7.1)

Pin = Kp(ωo − ωm) + Po (7.2)

H
d∆ωm,pu

dt
=
−EVoutcos(δ)

SBXs
∆δ − (Dωs/SB) ∆ωm,pu (7.3)
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Tj
d∆ωm,pu

dt
= −Ts ∆δ − TD ∆ωm,pu (7.4)

1/Tjs 

TD
 

T
s
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∆Pd 

-

-
+ ∆δ ∆ω 

Figure 7.3: Small signal linearized

model of the swing equation of the Syn-

chronous generator
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Role of DC link stored energy

Role of DC bus PI controller

Figure 7.4: Equivalent small signal lin-

earized model of the swing equation of

the MMC

The equivalent small signal model of a voltage source converter(VSC) emulating the

synchronous generator’s swing equation has been derived in [102]. This model has been

analyzed in two parts showing the role of the DC bus voltage controller (A) and the

role of stored electrostatic potential energy in the DC link (B) to bring out the effect of

the large energy stored as described below.

7.3.1 Role of DC bus voltage controller in the emulated swing equation

The phasor diagram involving the grid side MMC’s output phase voltage(Us) and phase

current(Is), and the grid phase voltage(Ug) is shown in fig. 7.2. From fig. 7.2, we see

that Id = Us
X sin(δ). Here the d-q axis is aligned along the grid voltage and so real

power is controlled by controlling Id as can be seen by setting Vq = 0 in Eq. (7.5)[103].

Thus we have Eq. (7.6). Linearizing about the nominal operating point δ , we obtain

Eq. (7.7). Noting that s∆δ = ∆ω, we get Eq. (7.8).

P = VdId + VqIq

Q = −VdIq + VqId
(7.5)

Us
X
sin(δ) = −(Kp +

Ki

s
)(Udc − udc) (7.6)

s(
Us cos(δ)

X
) ∆δ = (sKp +Ki)∆Udc (7.7)

∆ω =
1

K
(sKp +Ki)∆Udc (7.8)
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This part of the emulated swing equation is represented in the second half of the

schematic in fig. 7.4[102].

7.3.2 Role of the DC link stored energy in the emulated swing equa-

tion

The first part of fig. 7.4 involves stored energy in the dc link. The power balance

equation of the dc link in the back-to-back MMCs is as shown in Eq. (7.9). The damping

resistor power term in Eq. (7.9) takes into account the equivalent parasitic resistance

in parallel at the dc link. However, since parasitic resistances of the module capacitors

is quite large, its effect is negligible. Later on, to provide damping due to absolute

change in frequency, a separate control scheme will be discussed. Replacing Ek =
CU2

dc
2 ,

Pout =
UsUgsin(δ)

X and Pdamp =
u2dc
R in Eq. (7.9) we get Eq. (7.10). Comparing Eq. (7.1)

and Eq. (7.10), we see that instead of the large moment of inertia, J of the machines

associated with heavy rotors, in case of the back-to-back MMC, udc being large results

in rate of change of the dc bus voltage required to be small. In other words, a change

in voltage of 1 kV around 20kV releases much larger energy compared to a change in

1kV around 3 kV. Converting Eq. (7.10) on a pu basis and replacing C in Eq. (7.10) by
2Ek

U2
dc

, we have Eq. (7.11). Linearizing about the nominal operating point, and assuming

no change in dc input power which is actually the power output from the wind turbine,

we get Eq. (7.12).
dEk
dt

= Pdc − Pout − Pdamp (7.9)

C udc
dudc
dt

= Pdc −
UsUgsin(δ)

X
−
u2
dc

R
(7.10)

2Ek
SB

du∗dc
dt

=
Pdc
SB
− UsUgsin(δ)

SBX
−

u2
dc

SB R
(7.11)

2Ek
SB

d∆udc,pu
dt

= −UsUgcos(δ)
SBX

∆δ −
2U2

dc

SB R
∆udc,pu (7.12)

Replacing the various coefficients in Eq. (7.12) we get,

T
′
j

d∆udc
dt

= −T ′s∆δ − T
′
D∆udc (7.13)

where, T
′
s =

Us Ug

SB X cos(δ), T
′
D =

2U2
dc

SB R and T
′
j = 2Ek

IBUdc
. Eq. (7.13) is represented in the

first half of the schematic in fig. 7.4. From Eq. (7.13), we see that the rate of change



121

of dc bus voltage for a particular increase in power on the RHS is small due to a large

value of T
′
j .

7.4 Quantitative Analysis of Required Over-ratings

Defining the inertia constant of the MMC along the same lines as that of a synchronous

generator, as the ratio of the stored potential energy to the base rating of the MMC,

we have,

2Ek
SMMC

= HMMC =
C U2

dc

SB
(7.14)

where, SMMC = Rated Power of a typical Wind Turbine = 60 kW(say). Since in this

paper, every leg of the MMC contains 8 modules, at any instant half this number i.e., 4

modules are switched on[18]. Further, since there are 3 legs in each of the wind turbine

side MMC and the grid side MMC, the net capacitance at the dc link is given by,

C = Cnet,hf + Cnet,lf = 3
Cmod,hf

4
+ 3

Cmod,lf
4

(7.15)

Using values for Cmod,hf = 100µF,Cmod,lf = 1mF , we have C = 0.825mF . Plugging in

values of C = 0.825mF and Udc = 21kV into Eq. (7.14), we have HMMC = 6.0637 secs.

The over-ratings of the different components of the back-to-back MMC is calculated for

the cases of a three-phase fault and for a step load change as follows.

In case of a three phase to ground fault on the grid side, no power can be fed to the

grid. In this situation, the wind turbine is typically shut down until the fault clears.

However, with the back-to-back MMC in place, this energy from the wind turbine during

the fault could be stored in the virtual dc link for some time. Substituting the rated

power of the wind turbine(in p.u.) in the RHS of Eq. (7.13), and using T
′
j = 6.0637 secs,

we get d∆Udc
dt = 3.4629 kV/sec which implies that if the MMC is designed to sustain an

over-voltage of 5kV, the fault could be sustained for 1.44 secs without having to shut

down the wind turbine. Since 1 pu change in power is not accurately applied in the

small-signal linearized equations, the actual time for a change in dc link voltage of 5kV

is 1.27 secs. However, the above analysis serves to illustrate the application of derived

equations for smaller changes in power. This over-voltage is to be shared between (N/2)

modules in each leg of the MMC[18]. Thus, the percentage over-voltage rating of each

module is smaller by (N/2) times.

When there is a step load increase on the grid, assuming a 100% increase in rated
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power to emulate inertia and going through the analysis along similar lines as before

results in a drop of 5 kV if the additional power is provided for 1.44 secs. Also, every

module of the grid side MMC has to be over-rated for current by 100%.

Since the grid side MMC feeds current to the high voltage grid of the order of 34.5

kV, the actual increase in current ratings is small. To allow for a 5kV drop in dc link

voltage during a step load increase, the dc link should be designed for a 5kV over-voltage

room above twice the grid voltage. This can be seen from the filter design equation,

Eq. (7.16), targeting a 3% THD in phase current and Eq. (7.17). In Eq. (7.16), the

filter inductance required in case of the MMC is quite small with the harmonic voltages

of the order of 0.1% of the fundamental at (N/2) times switching frequency of each

module[18].
0.1Vph,MMC

XL,HF
= 0.03 Iph (7.16)

Vph,MMC = IphXL + Vph,grid (7.17)

In addition any over-voltage design for fault sustainability discussed earlier comes on

top of this voltage.

7.5 MMC Control Schemes for Virtual Inertia

In Eq. (7.4), a step load increase on the grid causes the slowing down of the synchronous

machines and the resulting d∆ω
dt causes a change in load angle, δ of the machines on the

RHS of Eq. (7.4). However, in case of the MMC, a change in load does not cause any

parameter of the MMC to vary inherently analogous to speed in case of synchronous

machines. Thus, corresponding to a frequency deviation in case of step load changes, an

appropriate controller has to designed for the MMC such that it can cause an additional

power output emulating inertia. This controller causes a change in load angle, δ at the

MMC output which in turn results in a d∆udc
dt in Eq. (7.13). This implies that the cause

is in the RHS of Eq. (7.13) in contrast to the cause being in the LHS in Eq. (7.4).

The controller for providing virtual inertia is implemented as follows: The first

controller changes the DC bus voltage reference in proportion to the absolute change

in frequency as shown in Eq. (7.18). Corresponding to this change in dc bus voltage

reference, a change in d axis current ∆IdM (in p.u.) is brought about by the dc bus PI

controller and from Eq. (7.12),ignoring the term due to damping resistor, and again using
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Id = Us
X sin(δ) we have Eq. (7.19). Substituting for Ek, and ∆udc,M from Eq. (7.18) we

get Eq. (7.20). This implies that changing the dc bus voltage reference in proportion to

absolute change in frequency of the grid is equivalent to increasing the power output in

proportion to the rate of change of frequency of the grid[104]. Similarly for additional

power due to absolute change in frequency, a change in the additional DC bus voltage

reference due to KD is provided in Eq. (7.18) and from a similar analysis as above we get,

Eq. (7.21). It is of interest to note that once the dc link voltage reference has settled

to a constant value, due to the action of either absolute change in frequency or the

integral of change in frequency, the back-to-back MMC is called upon only to maintain

this new dc link voltage. This means that the back-to-back MMC does not provide any

additional power in steady state after the frequency of the grid has settled down to a

steady state value and provides to the grid only what is extracted or available from the

wind in steady state. MSG = J ωs, is the coefficient responsible for power due to rate of

change of frequency for a synchronous generator as seen from Eq. (7.1). Comparing the

controller equations with Eq. (7.1), we have MMMC and DMMC as shown in Eq. (7.22).

The control schematic implementing the above described controller is shown in fig. 7.5.

KM∆f = ∆udc,M ,KD
∆f

s
= ∆udc,D (7.18)

2Ek s∆udc,M = Ug ∆IdM (7.19)

Ug ∆IdM
sCMMCU2

dc

= ∆udc,M

KM CU2
dc s∆f = Ug ∆IdM

(7.20)

KD CU
2
dc ∆f = Ug ∆IdD (7.21)

MMMC = KM CU2
dc, DMMC = KD CU

2
dc (7.22)
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Figure 7.5: Control Scheme for implementing virtual inertia by the MMC

7.5.1 Design of the MMC inertial parameters

The design of the inertial parameters of the MMC has been done for the simulation setup

in fig. 7.1. The frequency response of the grid to a step load change, not considering the

secondary frequency control characteristics of the synchronous generators, is captured

in the state space equations, ẋ = Ax+Bu where,

A =

(
−Deff M

−1
eff M−1

eff

−Reffτ−1 τ−1

)
,

B =

(
M−1
eff 0

0 τ−1

)
, X =

(
∆ω

ΣPmG,g

)
, U =

(
∆Pload

ΣP rG,g

) (7.23)

Finding the transfer function from change in frequency to change in load, we have,

∆ω(s)

∆Pload(s)
=

−M−1
eff (s+ 1

τ )

s2 + s ( 1
τ +M−1

effDeff ) + 1
τM

−1
eff (R+Deff )

(7.24)

ωn =

√
Deff +Reff
τ Meff

ζ =
Meff + τDeff

2
√
τ Meff (Deff +Reff )

(7.25)

The time domain solution of frequency to a step load change is shown in Eq. (7.26).

∆ω(t) =
−1

R+Deff
∆Pload u(t)+

M−1
eff ( 1

τ − p1)

p1 (p2 − p1)
∆Pload e

−p1t +
M−1
eff ( 1

τ − p2)

p2 (p1 − p2)
∆Pload e

−p2t
(7.26)

where, p1 = −ζωn + ωn
√
ζ2 − 1 and p2 = −ζωn − ωn

√
ζ2 − 1. The transfer function

helps to determine the frequency response curve when settling to the new steady state
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frequency without correction by the secondary control characteristics of the synchronous

machines. The zero of the transfer function depends on the time constant of governor

of the synchronous machine. The inertial parameters, MMMC and DMMC have been

designed using Eq. (7.24) to shape the time domain frequency response of the grid to a

step load change, using the sisotool of MATLAB. By increasing Meff of the grid the

amplitude of the exponentials causing the transients in frequency excursion have been

minimized. The frequency response of the system for various values of Meff and Deff

as brought about by the presented control scheme for virtual inertia has been described

under Section VI.

7.6 Results

The simulation parameters and ratings of various components in the simulation have

mentioned in table 7.1. The simulation setup is shown in fig. 7.1. The mechanical

power input to the I.G. remains constant and to that of the S.G. changes according to

governor action in response to frequency deviations. Load 2 remains of 1 MW remains

connected from the beginning of the simulation and Load 1 is connected at 7 secs to

simulate a step load change of 1.5 MW. The initial mechanical power input to the

synchronous generator is set to meet the no load condition. The frequency response

of a weak grid with under three different conditions of inertial support provided by

the back-to-back MMC is shown in fig. 7.7. In fig. 7.7a, inertial control loops of the

back-to-back MMC are disabled and a constant power emulating that available from the

wind turbine is fed to the grid. In this case, it is seen that upon the start of simulation,

due to almost negligible mechanical power input to the synchronous generator, the grid

frequency drops to about 0.95 p.u., before it settles back to the steady state value due

to secondary control characteristics of the synchronous generator. Similarly, at t =

7secs, the grid frequency again dips to about 0.98 p.u. The virtual dc link voltage of

the back-to-back MMC in this case, is controlled to be the contant reference value of

of 21 kV by the dc bus voltage control of the grid side MMC. Meff and Deff in this

case are only due to the inherent values of the machines connected to the grid and

are 8700 and 0 respectively. In fig. 7.7b, an aggressive inertial support provided by

the inertial control loops of the back-to-back MMC results in the grid frequency to be
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maintained at close to 1 p.u. throughout the simulation. Here, Meff = 3.4276 ∗ 105

and Deff = 3.3406 ∗ 104. This leads to the dc bus voltage to drop as low as 10 kV from

its nominal value of 21 kV and in such an aggressive control action, the nominal dc bus

voltage may have to be rated much higher than the grid voltage. In fig. 7.7c, a balance

between the drop in dc link voltage and deviation of the grid frequency during step

changes in load, is achieved. In this case, the maximum dip in grid frequency is about

0.99 pu and the dc link voltage drops to a minimum value of 18 kV. Meff = 5.0791∗104

and Deff = 5.0109 ∗ 103, in this case. Thus, with the proposed back-to-back MMC

based interface, the frequency response characteristics during the transient period is

considerably improved. This is due to additional inertia provided by the back-to-back

MMCs acting like a virtual synchronous generator during step load changes. Also, the

net change in load at steady state is met solely by the synchronous generator in all

three cases. A comparison between fig. 7.7a and fig. 7.7c is provided in the same plot

in fig. 7.6.

Figure 7.6: Resultant waveforms showing virtual inertia provided by the back-to-back

MMCs for grid frequency regulation (top to bottom): Mechanical power input to SG

in p.u., Frequency of the grid in p.u., and Virtual dc link voltage under the cases of

no inertial control by the back-to-back MMCs(dashed lines) and with Inertial control

achieving grid frequency regulation with frequency deviation limited to about 0.01 p.u

(solid lines).
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Figure 7.7: Resultant waveforms for varying inertia provided by the back-to-back

MMC(top to bottom):Mechanical power input to SG in p.u., Frequency of the grid

in p.u., and Virtual dc link voltage under the cases of(a)No inertial control by the

back-to-back MMC, Meff =8700, Deff = 0 (b)Large inertia provided by the back-to-

back MMC, Meff =3.4276e5, Deff=3.3406e4 and (c)Inertial control achieves reasonable

tradeoff between dc link voltage drop and grid frequency deviation, Meff =5.0791e4,

Deff = 5.0109e3
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Parameter Value

Nominal DC bus voltage 21 kV

Module Capacitor Precharge voltage 5000 V

Nominal Grid Phase voltage, frequency 5000 V,60 Hz

Module Capacitor-Grid side,Load side 10 mF, 100µF

Arm Inductor-Grid side, Load side 4mH,50µH

Arm Resistance 0.1 ohms

Module Switching frequency 1000 Hz

No. of Modules per Leg 8

Grid Interface R-L filter R = 0.1 Ω,L=16.58mH

Nominal HF side voltage, frequency 5000V, 4000 Hz

SSG,SIG 3.125 MVA, 1.6785 MVA

HSG,HIG 1.07 secs, 0.0541 secs

L1,L2 1 MW, 1.5MW

SB 1 MW

Table 7.1: Simulation Parameters for the circuit topology in fig. 7.1

Pin, Pout SG power input,output

J, ωm, ωs Moment of Inertia of SG,

speed of rotor, grid frequency

Kd, Po Droop coefficient,

Nominal power of governor

H,HSG Inertia constant of SG

Us Output per phase voltage of MMC

Ug Per phase grid voltage

Udc Nominal dc link voltage

udc Actual dc link voltage

Pdc, Pout,MMC Input dc power from WT,

Power fed to the grid by MMC

C,Cnet,hf/Cnet,lf Net capacitance of dc link,

HF/Grid frequency side capacitance

τ,R Governor time constant, governor

regulator gain

ωn, ζ Natural frequency, damping ratio

SB Rated Power of MMC/WT

Table 7.2: Nomenclature
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7.7 Summary

A novel control scheme for providing inertia using the back-to-back MMCs in the PET

used for grid interface of renewables and storage is discussed. The large stored energy

in the virtual DC link is exploited for providing additional power for inertia rather than

extracting power from the kinetic energy of the wind turbines. The equations for the

inertial parameters of the MMC have been derived and they have been designed along

the same lines as that of a synchronous generator. It has been shown that the frequency

response of a weak grid can be considerably improved by using the back-to-back MMCs

with the virtual DC link.



Chapter 8

Conclusions

The control and operation of a back-to-back connected Modular Multilevel Converter

based Power Electronic Transformer architecture to interface renewables and storage at

less than 1 kV to the medium voltage grid between 5 kV -34.5 kV has been performed in

this dissertation. To make the architecture ready to deployed in the industry, analysis

of the converter and its control schemes under the various practical scenarios have been

taken up and its operation optimized.

To minimize the conduction losses in the high-frequency link, an online optimization-

based coordinated modulation of the converters ensured minimum magnitudes of the

fundamental component of the current and its harmonics for a given power transfer.

It was observed that the harmonics in the HF-link current reduce by as much as 60%

with the proposed control schemes and the unity DPF operation helped to reduce the

fundamental current amplitude by as much as 15%. The online optimization algorithm

is employed in closed-loop and it dynamically reacts to changes in load angle, magnitude

reference command and changes in the high voltage dc link voltage across the back-to-

back connected MMCs to output an optimum set of switching angles. Its formulation

is such that computational burden on the solver can be adjusted to suit the available

processing power. A 720 kW SIMULINK model, 350 kW OPAL-RT HIL simulation

and a 320 W hardware experimental results were used to validate the modulation of the

different converters.

The voltage control of the virtual dc link, power-factor control on the grid side, grid-

independent reactive power sourcing on the load side and operation under conditions

130
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of grid voltage unbalances and faults have been demonstrated. It was ensured that the

grid current quality is not affected due to the control loops involved and a Fourier series

based analysis of the dc link voltage showed the mechanism by which the grid quality

may deteriorate with certain types of control schemes.

Another important ancillary service to the grid namely, controlled inertial response, is

naturally provided by traditional fossil-fuel driven generation sources. At high levels

of penetration, electricity generated by renewables must also be able to provide these

services for system stability and to make renewable sources economically competitive

with traditional generation sources. The challenge with renewable-interfaced generation

is the lack of mechanical inertia. A novel control scheme for providing inertia using the

back-to-back MMCs in the PET used for grid interface of renewables and storage is

discussed. The large stored energy in the virtual DC link is exploited for providing

additional power for inertia rather than extracting power from the kinetic energy of the

wind turbines. The equations for the inertial parameters of the MMC have been derived

and they have been designed along the same lines as that of a synchronous generator.

It has been shown that the frequency response of a weak grid can be considerably im-

proved by using the back-to-back MMCs with the virtual DC link.

As renewable energy sources are starting to become the mainstay of the electrical

grids across the world, it has become the norm to be able to integrate multiple heteroge-

nous forms of energy through a common inteface scheme and thus achieve higher power

densities. Such power conversion architectures also achieve the critical objective of uni-

fying dispatchable forms of power such as storage and the highly intermittent forms of

energy such as wind and solar. One such multi-port interface was invented in the dis-

sertation enabling the connection of heterogenous energy sources to the medium voltage

grid with unique advantages such as decoupled power flow between these three-phase

AC ports and increased reliability due to reduced risks of high-frequency transformer

voltage insulation failure. Analysis and simulation results were presented to understand

its operating principle and control schemes.

To improve power densities, multiple MMC-based converters can be connected across

their common dc link. In doing so, the PWM scheme of these converters inject certain

frequency components in this common dc link. A model and equivalent circuit of the dc

side of the HF-MMC was presented which unveils the sensitivity of HF-MMC to these
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voltages at frequencies other than dc being injected at the dc link. A mathematical

framework predicted these sensitive frequencies as a function of the MMC parameters

and operating frequency within an accuracy of 2%.

8.1 Future work

The following future work as a continuation of the aspects covered in the dissertation

remain:

• Coordinated Virtual Inertia from both the wind turbine and the proposed inter-

face: Wake interaction control schemes in a wind farm result in the bigger wind

turbines upstream of the wind flow to operate at higher speeds away from the

maximum power point. This ensures that there is inertial power on offer from

these turbines while the uncaptured power from the wind by these turbines is

fully captured by the smaller wind turbine downstream of the wind flow. A co-

ordinated inertial control scheme involving robust control design of the inertial

controllers of the wind turbine and the proposed power electronic transformer

should be designed.

• Implementation of the DP-MMC topology in hardware: The hardware setup al-

ready built for the HF-MMC should be modified as the proposed Distributed-

Phase MMC to yield additional output three-phase AC ports. The control al-

gorithms in simulation presented here are yet to be transferred to the hardware

prototype.

• Use of SiC devices in the MMC sub-modules: This will ensure the number of sub-

modules required to reach up to the medium voltage grid is small and the weight of

the PET due to the sub-module capacitors is minimized when placing the interface

in the wind turbine naccelle. Also, soft-switching of the MMC sub-modules is hard

to be attained under all operating conditions because of the dc circulating current

through the MMC arms and the wide range of power factor control required at

the converters. The semiconductor loss analysis while employing SiC devices is

to be done. The gate drivers for the sub-modules are to be designed with their
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reference voltage at the level of the negative of the sub-module’s dc link. Voltage

isolation of the ICs in the gate-driver circuit where the reference voltage is at level

of the medium voltage grid itself is to be investigated.

• High Frequency Transformer insulation design and voltage stresses: The quanti-

tative analysis of the probability of transformer insulation failure due to reduced

terminal-to-terminal voltage stresses within the primary winding and between the

primary and secondary windings in the novel DP-MMC topology is to be carried

out.
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Appendix A

Experimental Hardware Setup

A.0.1 Experimental hardware setup for testing the HF-link control

schemes

Figure A.1: Hardware setup overall view-1
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Figure A.2: Half-Bridge Submodule which are cascaded to form the MMC arms

Figure A.3: Hardware setup overall view-2
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Figure A.4: Lower arms of the MMC from the three phases
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