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Abstract 

Adjustable speed drives (ASD) are one of the major load components in power 

systems and with the advent of wide band gap devices, which provide efficiencies greater 

than 95%, variable frequency drives will continue to grow and integrate into the systems.  

ASDs serve a varied set of processes including HVACs, oilrigs and recently many electric 

vehicles (EV). The most commonly employed types are the DC-to-AC or AC-to-AC drives 

with DC/AC drives being more popular in storage and EV applications. AC/AC drives 

have been dominated by converters using large capacitors with DC bus viz. back-to-back 

converters. These converters are becoming more reliable and have been tested with new 

advancements in the industry. In addition, the DC bus capacitor provides an inbuilt energy 

storage mechanism, which could be used for ride-through operations during fault 

conditions. In some applications like wind turbines, the presence of large capacitive and 

reactive components in the drive could be a drawback due to lesser reliability and increased 

weight. Hence, converters that eliminate the need for large capacitors (viz. cycloconverters 

and matrix converters) are advantageous in such applications. Matrix converters (MC) have 

been in research and development for almost three decades, and several topologies and new 

modulation techniques have been proposed. In addition to elimination of the bulky DC bus 

capacitor, MCs provide sinusoidal input and output waveforms with lesser harmonics, and 

have inherent bi-directional power flow capability while offering full input power factor 

control. In industry, MCs are produced by few manufacturers and is still a niche product.   

High frequency common mode voltage (CMV) switching is a by-product of the 

ASDs operating at medium to high frequencies and cause bearing currents to flow, which 

damage the machine and reduce their lifetime. Elimination or reduction of common mode 

voltage is a well-researched topic and it has been addressed with plenty of solutions for 

different kind of drives. One of the recently developed solution is the usage of open-end 

winding drive modulated using rotating space vectors. Open-end winding machine is 

constructed by opening the shorted side of an induction machine, which is supplied by 

another similar converter. Different types of converters including MCs have been used to 

construct this drive. Matrix converter based open-end winding drive have two types 



   iv 

 

including direct and indirect matrix converter based drives and, this dissertation 

concentrates on the usage of a three-level indirect matrix converter based open-end 

winding. 

It is important that the ASDs are reliable and dependable during fault conditions in 

the power system. They should be able to ride-through the fault, supply the losses, and 

maintain the flux in the motor since re-building it could affect the operations. System faults 

could create over-voltages or voltage sags (sags are more frequent than over-voltages) and 

many commercial drives address the voltage sag problem with a ride-through solution for 

up to 30 cycles of interruption. Ride-through solutions include usage of storage devices, 

modification of the drive or use of inherent kinetic energy.  

Matrix converters lack an inbuilt storage device and modification of the drive could 

be expensive. This dissertation proposes a low voltage ride-through method for a three-

level indirect matrix converter based open-end winding drive using the input filter 

capacitor. The three-level indirect MC drive has an advantage over other matrix converter 

based drives, that it can provide a ride-through solution without the need for modifications 

or addition of storage devices. The input filter capacitor on the three-level bus between the 

front-end converter and the two three level inverters is used as the voltage source during 

the fault while its voltage is maintained by using the kinetic energy from the motor. This 

is achieved by modification of control loops in a traditional vector control configuration to 

control the capacitor voltage by drawing power from the motor. 

In summary, this dissertation describes a three-level indirect matrix converter for 

an open-end winding drive to eliminate the high frequency common-mode voltage, and 

proposes a low voltage ride-through method for the operation of the drive during fault 

conditions using the input filter capacitors as an energy transfer device. The method has 

been presented with detailed derivations and analyses and been verified using simulations 

and experimental results using a two-level inverter drive.    
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Chapter 1  

Introduction 
Adjustable Speed Drives are one of the most important applications of power 

electronics. With different types of adjustable speed drives in existence, they many 

industries including oil and gas, HVAC, pumps etc. With the prevalence of the drives, its 

protection and operation under abnormal conditions are also important. The work presented 

in this dissertation addresses the issue for a three-level indirect matrix converter based 

open-end winding drive. A low voltage ride-through solution using the input filter capacitor 

for the above-mentioned drive is proposed and demonstrated in this work.  

This chapter discusses different types of adjustable speed drives and focusses on 

matrix converter drives in detail with emphasis on open-end winding drives. Further, 

different types of ride-through existing methods are discussed briefly followed by a short 

description of the proposed method and its advantages over the other methods. Finally, the 

contributions and the organization of the dissertation is presented.  
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1.1 Adjustable speed drives 

The use of adjustable speed drives (ASD) in modern day industrial applications has 

been very widespread and is increasing with the integration of renewable energy sources 

into the grid and other applications like electric vehicles. ASDs could employ different 

kinds of converters depending on the type of the input source and the type of the load. For 

example, in electric vehicles, with the use of large batteries, inverters (DC to AC) are used 

to drive the induction or permanent magnet AC machines. In applications where the source 

is also AC, back-to-back converters, cycloconverters or matrix converters are utilized. This 

section will discuss about the different types of AC-to-AC converters viz., back-to-back 

converters, matrix converters and matrix converters for open-end winding drive.  

1.1.1 Back-to-Back converter drives 

Back-to-back converters comprises of two components: a rectifier, which can be 

diode-based or active (using IGBTs) depending on the application. An active rectifier front-

end allows bi-directional power flow operations [1]. The rectifier connects the input to a 

DC bus with a very large capacitor, which filters out the current/torque ripples. The DC 

bus supplies an inverter that drives the machine. A typical back-to-back converter is shown 

in Fig 1.1. These are commonly employed type of converters in the industrial applications 

given its flexible configuration, simple feedback control of input currents etc. The presence 

of the large DC bus capacitor enables inherent energy storage, which can be used during 

extended low voltage ride-through operations [2].  

One of main drawbacks of this type of converter is its bulkiness [4] and long-term 

reliability [3] due to the presence of the large DC bus capacitor. In some applications like, 

wind turbines, this converter could increase the weight. Cycloconverters provide a solution 

for the bulkiness of the back-to-back converters through the elimination of the DC bus 

capacitor. Matrix converter is a special type of cycloconverter, which directly connects the 

input to the output. These types of converters are described in the next subsection.  
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Fig 1.1 Back to back converter based ASD 

1.1.2 Matrix converter drives 

Matrix converters (MC) were first introduced by Venturini [5] in 1980 with the 

need to reduce the use of reactive elements. Since then many derived topologies and 

different modulation strategies have been proposed and implemented for matrix converters 

[6]–[12]. In addition to reduction in size, MCs have reduced total harmonic distortion 

(THD) and draw sinusoidal input currents from the grid. In general, matrix converters are 

classified into two types as direct matrix converters and indirect matrix converters.  

Direct matrix converters connect the three input phases to the output directly 

through a set of semiconductor bi-directional switches. A conventional direct matrix 

converter drive is shown in Fig 1.2. Since its introduction, several developments have been 

made using the direct matrix converter topology [13]-[16].  
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Fig 1.2 Direct Matrix Converter based Single-Ended Drive 

Indirect matrix converters have a rectifier stage and an inverter stage with a virtual 

DC link connecting the two stages. The advantage of this topology is that it can be realized 

using six bi-directional switch modules and a traditional inverter module unlike the direct 

matrix converter, which needs nine bi-directional switch modules. Another common way 

to operate the matrix converter is by using indirect modulation strategy. Two 

transformations viz. rectifier and inverter transformations are calculated and combined to 

produce the desired output [17]. 

In general, the high frequency operation of ASDs create a high frequency common 

mode voltage switching in the machine. This is propagated to the machine through the 

parasitic capacitance between the stator and the ground. The ground is common to the 

machine and the converter, and the high frequency components produced by the switching 

of the converter. This creates a high frequency common mode voltage switching across the 

bearings and produces bearing currents, which over time, damage the bearings in the 

machine and reduce their lifetime. Many methods for elimination of common mode voltage 

in ASDs are discussed in the literature including usage of active filters [18] & [19], 

implementation of alternate topologies [20] & [21] and modified modulation strategies [22] 
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& [23]. One of the methods to eliminate common mode voltage in a matrix converter based 

drive is by modifying it using two matrix converters feeding an open-end winding machine 

and modulating it using rotating space vectors as described briefly in the following section. 

1.1.3 Open-end winding drives 

Adjustable speed drives for open-end winding have been in development for over 

a decade and many topologies have been proposed and implemented. The usage of matrix 

converter in open-end winding drives was first introduced by Mohapatra [24] and further 

researched in [25] & [26]. Similar to matrix converter drives in 1.1.1, the open-end winding 

drives are also classified into direct and indirect matrix converter drives.  

 The direct matrix converter based open-end winding drive uses two direct matrix 

converters to connect the three-phase input to the two ends of the open-end winding 

machine. The indirect matrix converter has a front-end that converts the three-phase input 

to a three-level voltage (max-mid-min) while switching at line frequency. These three-level 

voltages are the input for the two three-level inverters, which feed the open-end winding 

machine. The direct and indirect matrix converter based open-end winding drives are 

shown in Fig. 1.3 and 1.4 respectively.  

These drives are modulated using space vectors and only the rotating vectors in the 

set of 27 available vectors are used. These rotating vectors make sure that every input phase 

is always connected to an output phase hence there will be no common-mode voltage to 

the ground since all three voltages produced at the machine add up to zero. This is further 

explained in chapter 2.  

In particular, the research discussed in this dissertation uses the three-level indirect 

matrix converter topology due to its advantages over the direct matrix converter based 

drive. Two major advantages are no requirement for clamp circuit and lower losses since 

the front-end converter is operated at line frequency. In addition, this converter can also be 

used to disconnect the drive from the grid if a fault occurs and the filter capacitors 

connected between the three busses are used as voltage source for the two inverters during 

the ride-through operation. Chapter 3 presents this method in detail. 
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Fig 1.3 Direct Matrix Converter based Open-End Winding Drive 
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Fig 1.4 Three-Level Indirect Matrix Converter Based Open-End Winding Drive 
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1.2 Voltage sags in power systems and ride-through for adjustable speed 
drives 

Voltage sags are commonly caused by faults occurring in the power systems in 

transmission lines, transformers, feeders etc. Sags are defined as reduction in the grid 

voltage between 0.1 pu to 0.9 pu for 0.5s to 1 min [27]. Single-phase to ground fault, two 

phase and three phase to ground faults are the common faults with single phase being the 

very frequently occurring type of fault and has more than 80% of the share of the total faults 

[28]. There are four types of voltage sags (type A, B, C and D) [29]. Type A and B sags are 

associated only with the change in the magnitude of the three-phase voltages (type A – all 

three phases, type B – one of the phases) and type C and D sags are associated with both 

reduction in magnitude and change in the phase angle. Voltage sags could propagate from 

one area of the power system to another and the type of fault could change based on the 

types of transformers the fault is propagated through [30]. 

Adjustable speed drives are very sensitive to these voltage sags and could trip within 

a cycle of a fault creating a sag only up to 0.85 pu [31]. Tolerance to faults is one of the 

most important aspects in a commercial ASD - operation of ASDs under fault conditions is 

essential to make it dependable in the field and a number of solutions have been proposed 

in literature [32]-[34]. Without ride-through in ASDs, a grid fault would result in motor flux 

decay and eventual process interruption. Ride-through operation in ASDs generally use 

three main approaches [35]. One is through usage of additional storage device viz. 

supercapacitors, flywheels, battery backup systems etc. The second method uses the 

rotational kinetic energy of the motor-load assembly during the fault to maintain the flux; 

and the third approach is realized through modification of hardware e.g. replacing the diode 

rectifier with an active front-end rectifier (in a back-to-back converter) etc.  

Implementation of a ride-through method for matrix converter drives is challenging 

due to the lack of inherent energy-storage unlike traditional back-to-back converters. 

Various ride-through approaches for matrix converter based drives have been introduced 

previously. Cha et al. [36] proposed a method using additional switches and storage 

capacitors to operate it as a conventional PWM-inverter to supply the losses and maintain 
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the motor flux during the fault. Other techniques include, clamp circuit utilization with zero 

vectors [37] and a reduced speed reference scheme, proposed by Wiechmann [38].  

1.2.1 Ride-through method using filter capacitor 

This dissertation presents a low-voltage ride-through technique for the three-level 

indirect matrix converter drive [39] similar to a method used in [40] for a direct matrix 

converter drive using additional disconnect switches. In this approach, the rotational kinetic 

energy in the motor is used to maintain the voltages in the input filter capacitors during the 

fault condition. The capacitors are used as the new voltages sources for the three-level 

inverters to sustain the motor flux and losses. The energy transfer between the different 

components of the drive is depicted in Fig. 1.5. The motor is vector controlled [41] under 

normal conditions and after the occurrence of a fault; the speed control loop is replaced by 

a voltage control loop to regulate the filter capacitor voltages. The flux control remains 

unchanged. The drive is disconnected from the grid by turning off the IGBTs in the front-

end converter and when the fault is cleared, the normal operation is resumed using a 

reconnection strategy that will reduce current transients and reaccelerates the motor 

seamlessly. The salient advantages of the presented ride-through method are: 

• Does not require additional energy storage devices to maintain the motor flux 

• No modification of hardware or addition of extra semiconductor switches is required 

Stored Energy 
in Capacitor

+Losses

TRANSFER
[Matrix 

Converter 
Drive]

Rotational 
Kinetic Energy

Inertia 
(Dynamically 

Stored 
Energy)

 

Fig 1.5 Energy Transfer Mechanism for the proposed ride-through method using Filter Capacitors for an 
Indirect Matrix Converter based Open-End Winding Drive 
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1.3 Organization of the dissertation 

This dissertation is organized into four chapters. The chapter contents are described 

below: 

• Chapter 1 introduces the topic and describes different types of adjustable speed 

drives used in the industry followed by brief description of the matrix converter 

based open-end winding drive. Finally, the different types of voltage sags and the 

available ride-through methods are discussed. The proposed ride-through method 

is introduced and presented briefly.  

• Chapter 2 presents the space vector pulse width modulation method using rotating 

vectors followed by the detailed descriptions of direct and indirect matrix converter 

based open-end winding drives. The chapter is concluded with simulation results 

of operation of the matrix converter based open-end winding drive using the 

mentioned modulation method.  

• Chapter 3 proposes a ride-through strategy for three-level indirect matrix converter 

based open-end winding drive using filter capacitors followed by a description of 

the sequence of events for its implementation. Simulation results are presented as a 

validation for the proposed method. Finally, an experimental setup built using a 

two-level inverter drive to demonstrate the method is presented with results.  

• Chapter 4 presents the conclusions drawn from the work for this dissertation and 

provides ideas for future research on the topic. 
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Chapter 2  

Rotating Space Vector Modulated Three-
Level Indirect Matrix Converter Based Open-
End Winding Drive 

Space-Vector Pulse Width Modulated direct and indirect matrix converters is a 

well-researched topic as discussed in Chapter 1. The direct and indirect matrix converter 

based open-end winding drives have also been widely discussed in literature [42] & [43]. 

This chapter describes about the topology, strategy and operation of the indirect matrix 

converter based open-end winding drive. The simulation results of the drive using a 

mathematical model of an induction motor are also shown. 

The conventional matrix converter drives make use of the stationary and zero 

vectors, which, generates non-zero common mode voltage switching at the motor terminals 

and induces bearing currents and increases Electromagnetic Interference (EMI). By making 

use of rotating space vectors for the drive, the common-mode voltage switching is reduced. 

The generation of voltage using rotating vectors is briefly discussed and a strategy is 

presented to show how the three-level indirect matrix converter based drive can generate 

up to 1.5 times the input voltage at the motor terminals and control the power factor within 

a certain range.  
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2.1 Matrix Converter based open-end winding drives 

Matrix converter topologies for open-end winding drives have been in research for 

over a decade since its introduction. One of the main advantages of the drive is reduction 

of common mode voltages. Common mode voltages produce bearing currents, which cause 

EMI. This is a widely known problem in Adjustable speed drives (ASD) and several 

methods to reduce or eliminate them have been proposed previously including usage of 

active filters, alternate distribution of zero vectors in sampling period [12] etc. Common-

mode voltages are often caused by usage of stationary and zero vectors due to asymmetrical 

connection between the input and output phases. Rotating vectors eliminate that problem 

by ensuring that every input phase is always connected to an output phase. The main 

drawback of using rotating vectors is lower output gain compared to when the stationary 

vectors are used. This is overcome by using two matrix converters feeding an open-end 

winding induction motor. Two types of matrix converter based open-end winding drives 

have been proposed: 

• Direct matrix converter based open-end winding drive: Two direct matrix 

converters connected to open-end winding machine 

• Indirect three-level matrix converter based open-end winding drive: A front-end 

converter and two three-level converters connected to open-end winding machine 

The switching using the rotating vectors and both types of matrix converter drives are 

discussed below in the following sub-sections. 

2.1.1 Direct matrix converter based open-end winding drive 

The detailed topology of a direct matrix converter drive with open-end winding 

machine is shown in Fig. 2.1. The topology is made of two direct matrix converters 

connecting the three-phase input to the open-end winding machine. The drive is 

constructed using 18 bi-directional IGBTs. The two matrix converters are switched by 

employing the space-vector PWM method using only the rotating vectors. The usage of 

rotating vectors make sure that always all the input phases are connected to an output phase. 

This eliminates the generation of high frequency common mode voltage as shown in (2.1). 
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The detailed description and the strategy of switching using rotating vectors in SVPWM is 

presented in the next section. 

𝑣𝑣𝑐𝑐𝑐𝑐 =
𝑣𝑣𝐴𝐴 + 𝑣𝑣𝐵𝐵 + 𝑣𝑣𝐶𝐶

3 = 0 (2.1) 

2.1.2 Space vector PWM using rotating vectors for matrix converter based 
open-end winding drives 

Space vector pulse-width modulation (SVPWM) is the most commonly used 

technique for switching matrix converter drives. The method is implemented using vectors 

which represent the connection between the input and output phases. Based on the 

combinations there are 27 vectors. The vectors are divided into two categories as:  

• Stationary and zero vectors – These are a set of 21 vectors, which are located along 

the diagonals and center of a regular hexagon with amplitude varying from 

0 𝑡𝑡𝑡𝑡 √3𝑉𝑉𝑖𝑖 where 𝑉𝑉𝑖𝑖 is the input voltage amplitude. (3 x 𝑣𝑣0 and  𝑣𝑣1 to  𝑣𝑣18) 

• Rotating vectors – These are six vectors rotating with a frequency of 𝜔𝜔𝑖𝑖  (= 2𝜋𝜋𝑓𝑓𝑖𝑖) 

where 𝑓𝑓𝑖𝑖 is the frequency of the input voltage to the drive. These vectors rotate 

either in clockwise direction or counter-clockwise direction with an amplitude of  
3
2
𝑉𝑉𝑖𝑖. (Counter-clockwise rotating (CCW): 𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐, 𝑣𝑣𝑎𝑎𝑐𝑐𝑎𝑎, 𝑣𝑣𝑐𝑐𝑎𝑎𝑎𝑎, Clockwise rotating 

(CW): 𝑣𝑣𝑎𝑎𝑐𝑐𝑎𝑎, 𝑣𝑣𝑐𝑐𝑎𝑎𝑎𝑎, 𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐) 
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Fig 2.1 Detailed topology of direct matrix converter based open-end winding drive 
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Conventionally, matrix converter drives are switched only using the stationary and 

zero vectors in SVPWM method where, the duty ratios for each sector are computed for 

two stationary vectors and the zero vector. The theoretical maximum limit for the output 

voltage amplitude using the stationary and zero vectors is 0.866 𝑉𝑉𝑖𝑖. On the other hand, 

SVPWM using only rotating vectors has a theoretical limit of only 0.5 𝑉𝑉𝑉𝑉 for generated 

output voltage amplitude as shown in Fig. 2.2 (a). This disadvantage is overcome in the 

open-end winding matrix converter drive by using two matrix converters to generate the 

output voltage. A gain of up to 1.5𝑉𝑉𝑖𝑖 is achieved by using two matrix converters in the 

drive. Fig 2.2 (b) shows the generation of output voltage using rotating vectors in a single-

end winding drive and an open-end winding drive. The resultant output voltage is given as 

𝑣𝑣𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝑣𝑣𝑐𝑐𝑐𝑐1(𝑡𝑡) − 𝑣𝑣𝑐𝑐𝑐𝑐2(𝑡𝑡) (2.2) 

Where,  𝑣𝑣𝑐𝑐𝑐𝑐!(𝑡𝑡) and 𝑣𝑣𝑐𝑐𝑐𝑐2(𝑡𝑡) are the individual output voltages generated by the 

two matrix converters using the rotating vectors. The duty ratios for modulation are 

generated by using  𝑣𝑣𝑐𝑐𝑐𝑐!(𝑡𝑡) and 𝑣𝑣𝑐𝑐𝑐𝑐2(𝑡𝑡) as the reference voltages. With respect to Fig. 2.2 

(b) where if only the CCW vectors are used,  𝑣𝑣𝑐𝑐𝑐𝑐!(𝑡𝑡) and 𝑣𝑣𝑐𝑐𝑐𝑐2(𝑡𝑡) correspond to 𝑣𝑣𝑐𝑐𝑐𝑐𝑤𝑤1 and 

𝑣𝑣𝑐𝑐𝑐𝑐𝑤𝑤2 respectively. At every time step (𝑇𝑇𝑠𝑠) of the switching cycle, one matrix converter is 

switched using a constant level reference voltage and the other matrix converter is 

modulated using the difference between output voltage and the constant level reference 

voltage. For instance, at a particular time step of the switching cycle, 𝑣𝑣𝑐𝑐𝑐𝑐!(𝑡𝑡) will be held 

at a constant reference, 𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐 and 𝑣𝑣𝑐𝑐𝑐𝑐2(𝑡𝑡) will be equal to 𝑣𝑣𝑜𝑜𝑜𝑜 − 𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐. The pulses are now 

generated by using 𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐 as reference for MC1 and 𝑣𝑣𝑜𝑜𝑜𝑜 − 𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐 as reference for MC2. 

Similarly, depending on the sector, the constant vector is chosen from one of the CCW 

rotating or CW rotating vectors. In addition, the constant voltage reference vector selection 

is alternated between MC1 and MC2 in every consecutive sector. 

The sector is determined by using both the angles of the input voltage phasor and 

the output voltage phasor. For CCW rotating vectors, the sector is determined by using 

∠𝑣𝑣𝑜𝑜 − ∠𝑣𝑣𝑖𝑖 and for CW rotating vectors, the sector is determined using ∠𝑣𝑣𝑜𝑜 + ∠𝑣𝑣𝑖𝑖. The 

duty ratio calculations are shown in equations (2.3) and (2.4) 
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Fig 2.2 Generation of output voltage using rotating vectors in (a)Single-end winding machine and 
(b)Open-end winding machine 
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± 𝑉𝑉𝑖𝑖𝑖𝑖𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑟𝑟𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑉𝑉𝑖𝑖𝑟𝑟 𝑡𝑡𝑟𝑟 𝐶𝐶𝐶𝐶 − 𝑟𝑟𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑉𝑉𝑖𝑖𝑟𝑟 𝑣𝑣𝑒𝑒𝑖𝑖𝑡𝑡𝑡𝑡𝑟𝑟𝑖𝑖 𝑟𝑟𝑒𝑒𝑖𝑖𝑝𝑝𝑒𝑒𝑖𝑖𝑡𝑡𝑉𝑉𝑣𝑣𝑒𝑒𝑟𝑟𝑟𝑟 (2.4) 

𝑣𝑣�𝑜𝑜 and  𝑣𝑣�𝑖𝑖 are the amplitudes of the output and input voltage vectors and 𝑚𝑚 = 𝑣𝑣�𝑜𝑜
𝑣𝑣�𝚤𝚤�

 is 

the modulation index. By solving the matrix equation (2.3) the duty ratios 𝜆𝜆1, 𝜆𝜆2 and 𝜆𝜆3 

can be obtained for both the CCW rotating and CW rotating vectors. Moreover, the output 

voltage is calculated using (2.5). 𝑉𝑉∗ is the output voltage. 

𝑉𝑉∗ = 𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐 + 𝜆𝜆2𝑐𝑐𝑐𝑐𝑤𝑤𝑣𝑣𝑎𝑎𝑐𝑐𝑎𝑎 + 𝜆𝜆3𝑐𝑐𝑐𝑐𝑤𝑤𝑣𝑣𝑐𝑐𝑎𝑎𝑎𝑎 (𝑓𝑓𝑡𝑡𝑟𝑟 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑟𝑟𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑉𝑉𝑖𝑖𝑟𝑟 𝑣𝑣𝑒𝑒𝑖𝑖𝑡𝑡𝑡𝑡𝑟𝑟𝑖𝑖) 

𝑉𝑉∗ =  𝜆𝜆1𝑐𝑐𝑤𝑤𝑣𝑣𝑎𝑎𝑐𝑐𝑎𝑎 + 𝜆𝜆2𝑐𝑐𝑤𝑤𝑣𝑣𝑐𝑐𝑎𝑎𝑎𝑎 + 𝜆𝜆3𝑐𝑐𝑤𝑤𝑣𝑣𝑎𝑎𝑎𝑎𝑐𝑐  (𝑓𝑓𝑡𝑡𝑟𝑟 𝐶𝐶𝐶𝐶 − 𝑟𝑟𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑉𝑉𝑖𝑖𝑟𝑟 𝑣𝑣𝑒𝑒𝑖𝑖𝑡𝑡𝑡𝑡𝑟𝑟𝑖𝑖) (2.5) 

The input grid power factor is affected by the type of rotating vectors chosen to 

modulate with. The use of CCW rotating vectors enables the drive to draw lagging currents 

from the grid whereas leading currents are drawn while CW rotating vectors are used. The 

power factor can be controlled by applying a combination of the CCW rotating and CW 

rotating vectors. The combination is determined by a ratio, 𝑥𝑥. The ratio is multiplied after 

the duty ratios are calculated using (2.3). An unity power factor is achieved by setting 𝑥𝑥 =

0.5 and setting 𝑥𝑥 < 0.5 gives a higher ratio of CW rotating vectors to be used hence 

drawing leading currents from the grid and a lagging power factor is obtained with 𝑥𝑥 >

0.5.  

 The switching pulses are generated by comparing the aggregated duty ratios with a 

triangular carrier followed by logic computations. Figure 2.3 shows the generation of 

pulses using the aggregation of the duty ratios. (2.5) shows the aggregation of duty ratios 

produced by the CCW-rotating vectors and the CW-rotating vectors. The output pulses 

generated by the comparison of the aggregated duty ratios and the triangular carrier which 

are then NOR’d in the sequence shown in (2.6). 
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Λ1 = 𝑥𝑥𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤  

Λ2 = 𝑥𝑥(𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑐𝑐𝑤𝑤) 

Λ3 = 𝑥𝑥(𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆3𝑐𝑐𝑐𝑐𝑤𝑤) 

Λ4 = 𝑥𝑥(𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆3𝑐𝑐𝑐𝑐𝑤𝑤) + (1− 𝑥𝑥)𝜆𝜆1𝑐𝑐𝑤𝑤  

Λ5 = 𝑥𝑥(𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆3𝑐𝑐𝑐𝑐𝑤𝑤) + (1− 𝑥𝑥)(𝜆𝜆1𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑤𝑤) 

Λ6 = 𝑥𝑥(𝜆𝜆1𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑐𝑐𝑤𝑤 + 𝜆𝜆3𝑐𝑐𝑐𝑐𝑤𝑤) + (1− 𝑥𝑥)(𝜆𝜆1𝑐𝑐𝑤𝑤 + 𝜆𝜆2𝑐𝑐𝑤𝑤 + 𝜆𝜆3𝑐𝑐𝑤𝑤) (2.6) 

𝑃𝑃1 = ! 𝑝𝑝1 

𝑃𝑃2 = 𝑝𝑝1 ⊕ 𝑝𝑝2 

𝑃𝑃3 = 𝑝𝑝2 ⊕ 𝑝𝑝3 

𝑃𝑃4 = 𝑝𝑝3 ⊕ 𝑝𝑝4 

𝑃𝑃5 = 𝑝𝑝4 ⊕ 𝑝𝑝5 

𝑃𝑃6 = 𝑝𝑝5 ⊕ 𝑝𝑝6 (2.7) 

Where, Λ1 to Λ6 are the aggregated duty ratios which are compared with the triangular 

carrier to produce the signals, 𝑝𝑝1 to 𝑝𝑝6. 𝑃𝑃1 to 𝑃𝑃6 are obtained by sequential NOR-ing of 𝑝𝑝1 

to 𝑝𝑝6. The final switching pulses transmitted to the gate drivers are produced by combining 

𝑃𝑃1 to 𝑃𝑃6 in different combinations for each corresponding phase.  
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Fig 2.3 Generation of pulses using rotating vectors 
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2.2 Three level indirect matrix converter based open-end winding drive 

The topology discussed in this section is a modification of the direct matrix 

converter drive topology, where the two direct matrix converters connected to the open-

end winding motor are replaced with a front-end converter and two three-level inverters 

feeding the two ends. The front-end converter switches at a lower frequency and converts 

the input three-phase voltages into three-level voltages as max (𝑉𝑉𝑐𝑐𝑎𝑎𝑚𝑚), mid (𝑉𝑉𝑐𝑐𝑖𝑖𝑚𝑚) and min 

(𝑉𝑉𝑐𝑐𝑖𝑖𝑚𝑚). The three-level voltages are the inputs to the two three-level inverters, which feed 

three-phase voltages to the motor. The main advantages of this topology are:  

• Lower switching frequency for the front end, which reduces switching losses 

• No requirement of separate protection clamp circuit 

The topology equips 36 switches in total with 12 switches for the front-end 

converter and 24 (2 x 12) switches for the two inverters. It has the same switch count as 

the direct matrix converter based open-end winding drive. The topology can be realized in 

two ways i.e., as a T-type converter drive as shown in Figure 2.4 or an I-type converter 

drive as shown in Figure 2.5. Both types have same count of switches but differ in terms 

of losses where T-type drive performs better due to lesser losses as discussed in [43]. The 

switches that connect the three-phase input voltages to the mid voltage (𝑉𝑉𝑐𝑐𝑖𝑖𝑚𝑚) bus are all 

four-quadrant switches since it requires bi-directional power flow capability and the other 

switches that connect to the max voltage (𝑉𝑉𝑐𝑐𝑎𝑎𝑚𝑚) and min voltage (𝑉𝑉𝑐𝑐𝑖𝑖𝑚𝑚) are two-quadrant. 

Individually, CONV, INV1 and INV2 are identical in terms of number of switches and 

configuration by each phase. 
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Fig 2.4 T-type indirect matrix converter based open-end winding drive 
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Fig 2.5 I-type indirect matrix converter based open-end winding drive 
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2.2.1 Indirect matrix converter – Switching and operation 

The switching strategy for the converter can be separated into front-end converter 

switching and the inverter switching. As mentioned earlier, the switching frequency for the 

front-end converter is much lesser. The switching strategy for the inverters is similar to the 

one used for direct matrix converter based open-end winding drive. 

2.2.1.1 Front end - Switching and operation 

The front-end converter uses 12 switches with 4 in each leg. The switches 

connecting to the mid voltage bus are bi-directional and switch 6 times in a time period, 

𝑇𝑇𝑠𝑠. The switches connecting to the max and min voltage buses switch 3 times in a time 

period. The strategy is to connect the highest phase from the input voltages to the 𝑉𝑉𝑐𝑐𝑎𝑎𝑚𝑚  bus, 

lowest phase to the 𝑉𝑉𝑐𝑐𝑖𝑖𝑚𝑚 bus and the other phase to the 𝑉𝑉𝑐𝑐𝑖𝑖𝑚𝑚 bus. The max voltage varies 

from 0.5 × 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 to 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and mid varies from −0.5 × 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 to 0.5 × 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 

min varies from −𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝to −0.5 × 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. The switching states for the converter are 

shown in Table 2.4. The three level voltages created by the converter is shown in Figure 

2.6.  

2.2.1.2 Three level inverter - Switching and operation 

The operation of the inverters feeding the open-end winding is similar to the direct 

matrix converter for open-end winding. The power factor control described in section 2.2 

is used here for switching of the inverters. From Table 2.1, in regions I, III and V, the 

converter produces positive sequence voltages and negative sequence voltages in the other 

three regions. The modulation method used in the grid power factor control where, the 

CCW-rotating and CW-rotating vectors are alternatively used is also used here to match 

the change in the phase sequences of the max, mid and min voltages. (2.6), (2.9) and (2.10) 

are used for the generation of duty ratios and the switching pulses with (2.7) and (2.8) being 

applied for control of grid power factor similarly. The primary difference in the switching 

strategy is that, the angle of rotation for the reference vector is 0 𝑡𝑡𝑡𝑡 𝜋𝜋/3 𝑡𝑡𝑡𝑡 0 instead of 

−𝜋𝜋/2 𝑡𝑡𝑡𝑡 𝜋𝜋/2 since the input to the inverters are the three-level voltages (max-mid-min). 
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Fig 2.6 Three level (max-mid-min) voltages generated by the front-end converter 

Region 𝑣𝑣𝑐𝑐𝑎𝑎𝑚𝑚 𝑣𝑣𝑐𝑐𝑖𝑖𝑚𝑚  𝑣𝑣𝑐𝑐𝑖𝑖𝑚𝑚 𝑆𝑆𝑎𝑎𝑚𝑚    𝑆𝑆𝑎𝑎𝑚𝑚     𝑆𝑆𝑐𝑐𝑚𝑚 𝑆𝑆𝑎𝑎𝑚𝑚    𝑆𝑆𝑎𝑎𝑚𝑚     𝑆𝑆𝑐𝑐𝑚𝑚  𝑆𝑆𝑎𝑎𝑚𝑚   𝑆𝑆𝑎𝑎𝑚𝑚    𝑆𝑆𝑐𝑐𝑚𝑚 

I 𝑣𝑣𝑐𝑐 𝑣𝑣𝑎𝑎 𝑣𝑣𝑎𝑎 001 100 010 

II 𝑣𝑣𝑎𝑎 𝑣𝑣𝑐𝑐 𝑣𝑣𝑎𝑎 100 001 010 

III 𝑣𝑣𝑎𝑎 𝑣𝑣𝑎𝑎 𝑣𝑣𝑐𝑐 100 010 001 

IV 𝑣𝑣𝑎𝑎 𝑣𝑣𝑎𝑎 𝑣𝑣𝑐𝑐 010 100 001 

V 𝑣𝑣𝑎𝑎 𝑣𝑣𝑐𝑐 𝑣𝑣𝑎𝑎 010 001 100 

VI 𝑣𝑣𝑐𝑐 𝑣𝑣𝑎𝑎 𝑣𝑣𝑎𝑎 001 010 100 

Table 2.1 Switching states for the front-end converter in each sector of the input voltage 
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2.3 Simulation of the drive with results and analysis  

The indirect three-level matrix converter based open-end winding drive was 

modeled and simulated in Simulink/MATLAB using SimPowerSystems toolbox. The 

matrix converter was constructed using IGBTs with parallel diodes for the front-end 

converter and ideal switches for the two three-level inverters for faster simulation times. 

Ideal 208 V AC voltage sources were used to supply the drive. The open-end winding 

machine was mathematically modeled using a 3-phase, 60Hz, 208V, 4-pole induction 

motor model. The motor parameters for this model are given in Table 2.1. The inverters 

were switched at 10 kHz. The motor was operated at rated conditions using torque as input 

value for the load. The results for both the direct matrix converter based open-end winding 

drive and the three-level indirect matrix converter based drive are identical since the 

operation of both the drives are similar. 

This drive model is also used to demonstrate the ride-through method, which is, 

discussed in Chapter 4. The simulation results are presented below. 

Fig. 2.7 shows the max-mid-min voltages produced by the front-end converter. 

These voltages are hence used as input for the two three-level inverters to produce the 

open-end winding voltage. The open-end winding voltage across 𝐴𝐴1𝐴𝐴2 is shown in Fig. 

2.8. The open-end winding voltage being derived from the three-level voltages have the 

cup top waveform.  

The motor phase currents and the input phase currents drawn from the grid are 

shown in Fig. 2.9 and Fig. 2.10 respectively. The motor phase currents are sinusoidal and 

the change in the magnitude is after the motor enters steady state after initial transients 

during motor startup. The input phase currents are nearly sinusoidal. The filter was 

designed to remove all the switching harmonics, although there is some presence of lower 

order harmonics, which are < 5% of the fundamental. In addition, the power factor control 

was tuned to obtain a unity power factor.  
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Finally, the common-mode voltage measured across the windings and the ground 

is shown in Fig. 2.11. It can be seen that the usage of rotating vectors for switching 

eliminates the common-mode voltage in the machine and hence reduces bearing currents. 

  

Parameters Value 

Stator resistance (𝑹𝑹𝒔𝒔) 1.77 Ω 

Rotor Resistance (𝑹𝑹𝒓𝒓) 1.34 Ω 

Stator Leakage Reactance (𝑿𝑿𝒍𝒍𝒔𝒔) 5.25 Ω 

Rotor Leakage Reactance (𝑿𝑿𝒍𝒍𝒓𝒓) 4.57 Ω 

Mutual Reactance (𝑿𝑿𝒎𝒎) 139 Ω 

Moment of Inertia (𝑱𝑱𝒆𝒆𝒆𝒆) 0.04 𝑘𝑘𝑟𝑟𝑚𝑚2 

Slip (s) 0.0172 

Table 2.2 Parameters of mathematical model of induction motor used in simulation 

 
Fig 2.7 Max-mid-min voltages at the bus between the front-end converter and the inverters 
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Fig 2.8 Open-end winding voltage across the terminals A1 and A2 

 

Fig 2.9 Three-phase currents through the motor terminals of the open-end winding machine 
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Fig 2.10 Input three-phase grid currents drawn by the open-end winding drive 

 
Fig 2.11 Common-mode voltage measured between the windings and the ground 
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2.4 Summary 

This chapter presented a detailed description of a space-vector pulse width 

modulation method using only the rotating vectors from the set of 27 available vectors. The 

major advantage of using only rotating vectors is that at every time step, all three input 

phases are always connected to an output phase, which eliminates common mode voltage 

across the stator windings and the ground hence reducing bearing currents and the damage. 

Further, the application of the described pulse width modulation method for matrix 

converter based open-end winding drive was discussed. The theoretical modulation index 

limit while using rotating vectors is only 0.5. This is overcome by using two matrix 

converters to generate the output voltage, which increases the theoretical voltage ratio limit 

to 1.5.  

The six rotating vectors comprise three counter-clockwise and three clockwise 

rotating vectors and they draw lagging and leading currents from the grid when used. Power 

factor control can be achieved by distributing the vectors accordingly to operate the drive 

in lagging, leading or unity power factor modes. The vectors are distributed by multiplying 

the generated duty ratios with a factor, 𝑥𝑥. In addition, the generation of voltages up to the 

1.5 limit and the generation of pulses for both the converters using two complementary 

references are also presented.  

Direct and indirect matrix converter based open-end winding drive topologies are 

described in detail. The direct drive comprises of two direct matrix converters and the 

indirect drive features a front-end converter generating three level (max-mid-min) voltages, 

which are fed to the two three-level inverters. The main advantages of the indirect drive 

over the direct drive are, reduced requirement for clamp circuit and lower losses due to 

lower switching frequency in the front-end converter. The indirect matrix converter is 

further outlined with details about the switching states of the front-end converter in every 

cycle of the input voltage. The drive was modeled in Simulink using switches from the 

simpowersystems blockset and the open-end winding induction motor was mathematically 

modeled. Simulation results were presented for a vector-controlled machine operated at 

rated conditions.  
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Chapter 3  

Ride-Through method for Indirect Three-
Level Matrix Converter based Open-End 
Winding Drive 

This chapter proposes and describes a ride-through method for three-level indirect 

matrix converter based open-end winding drive that was presented in chapter three. The 

method uses the filter capacitor as an energy transfer mechanism from the motor-load 

inertia back to the motor to sustain the stator flux. This is achieved by using the filter 

capacitor as the new voltage source for the three-level inverters and the capacitor voltage 

is maintained using the energy from the inertia of the motor. The mechanism and the 

change in the control structure are explained in detail in the following subsections of the 

chapter. This ride-through strategy is easily implemented in the mentioned topology of 

matrix converter since the front-end naturally enables one to disconnect from the grid in 

the event of a fault. 

The main advantages of the presented ride-through method are: 

• Does not require additional energy storage devices to maintain the motor flux  

• No modification of hardware or addition of extra semiconductor switches is required 
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3.1 System configuration during ride-through operation 

During normal conditions, the three-level indirect matrix converter based open-end 

winding drive is operated in a configuration as shown in Fig. 3.1. The front-end converter 

produces three-level voltages (max-mid-min) from the input three-phase AC source and 

the two three-level inverters use the three-level voltages to produce AC voltage across the 

open-end winding of the machine.  

When a grid fault occurs, the drive faces a voltage sag and is hence disconnected 

from the grid by switching off the IGBTs in the front-end converter. The switch states of 

the converters during the ride-through operation is shown in Fig 3.3. The front-end 

converter now operates like a three-phase diode bridge rectifier with back-to-back blocking 

diodes in the mid leg. The inverters operate with the same modulation as before and 

produces three-level output voltages. The system configuration during fault condition is 

shown in Fig 3.2. The filter capacitor (Cfil in Fig 3.2) act as the new voltage source for the 

inverters and the loop that controls the speed of the machine in a vector control scheme is 

changed to control the capacitor voltage. The strategy employed to use the filter capacitors 

as voltage sources for the inverters is presented in the next section. 

3.2 Ride-Through strategy 

Under normal operation, the drive transfers energy from the grid to supply the load 

(𝑃𝑃𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚); in addition, some energy is continuously lost in the electrical and mechanical 

systems (𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠). Some energy is also stored in the rotational mass (𝑃𝑃𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐) and the 

capacitor (𝑃𝑃𝑐𝑐𝑎𝑎𝑝𝑝) as shown in (3.1). The equation is written as a change in energy (Δ𝐸𝐸) in 

(3.2). When a grid fault occurs, the drive is disconnected from the grid (𝑃𝑃𝑔𝑔𝑔𝑔𝑖𝑖𝑚𝑚 = 0) as 

described in previous sub section and this is mathematically presented in (3.3). The 

rotational kinetic energy is recovered from the motor and the filter capacitor voltages are 

held at a higher level than grid voltages using the recovered energy. The capacitors are 

hence used as voltage sources for the two inverters, INV1 and INV2. Subsequently, they 

are operated as stand-alone three-level inverters and the reclaimed energy is used to supply 

𝐸𝐸𝑐𝑐𝑎𝑎𝑝𝑝, 𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚  and 𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 as shown in (3.4).  
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Fig 3.1 Drive configuration during normal operating conditions 
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Fig 3.2 Drive configuration during ride-through operation 
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Fig 3.3 State of switches in the indirect matrix converter drive during ride-through operation 

 



   30 

 

Isd* Isd PI

Wmech* Speed 
PI Isq PI

Wmech
Isd

Isq

Isq*

Vsd

Vsq

Va
Vb

Vc

Ia

Ib

Ic

dq

abc

dq

abc

 

Fig 3.4 Control configuration during normal operation of the drive 

𝑃𝑃𝑔𝑔𝑔𝑔𝑖𝑖𝑚𝑚 = Pcap + 𝑃𝑃𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 + 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚 

Δ𝐸𝐸𝑔𝑔𝑔𝑔𝑖𝑖𝑚𝑚 = Δ𝐸𝐸𝑐𝑐𝑎𝑎𝑝𝑝 + Δ𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚  

 0 = Δ𝐸𝐸𝑐𝑐𝑎𝑎𝑝𝑝 + Δ𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚  

−Δ𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 = Δ𝐸𝐸𝑐𝑐𝑎𝑎𝑝𝑝 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚  

(3.1) 

(3.2) 

(3.3) 

(3.4) 

The energy transfer from the motor inertia to the capacitor is accomplished by 

modifying the vector control for ride-through operation during fault conditions. In normal 

operation, the flux is controlled by 𝑉𝑉𝑠𝑠𝑚𝑚 and the speed is controlled using 𝑉𝑉𝑠𝑠𝑠𝑠 as shown in 

Fig. 3.4. In the event of a grid fault, the loop controlling the flux is unaffected and the 𝑉𝑉𝑠𝑠𝑠𝑠 

loop is changed to incorporate the control of the filter capacitor voltages by recovering the 

rotational kinetic energy from the motor, which is shown in Fig. 3.5. The system in (3.3) 

is expanded by replacing the Δ𝐸𝐸 terms with the corresponding expressions and is presented 

in (3.5). A small perturbation is added to the system to indicate the changes in the 

parameters during the fault. The perturbed system is shown in (3.6) as a small signal model. 

The terms, 𝑉𝑉�̇�𝑐
∗
 and 𝜔𝜔�̇�𝑜 are zero since they are differentials of constant values and Δ𝐸𝐸�𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠  

and Δ𝐸𝐸�𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚  are negligible. The simplified small signal model is shown in (3.7) where, 

𝑇𝑇𝜔𝜔 = Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠 .  
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Fig 3.5 Control configuration during ride-through operation of the drive 

0 = 𝐶𝐶𝑣𝑣𝑐𝑐𝑣𝑣�̇�𝑐 + 𝐽𝐽𝜔𝜔�̇�𝜔 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠 

0 = 𝐶𝐶(𝑣𝑣𝑐𝑐∗ + 𝑣𝑣𝑐𝑐� )�𝑣𝑣𝑐𝑐∗̇ + 𝑣𝑣𝑐𝑐�̇ � + 𝐽𝐽(𝜔𝜔𝑜𝑜 + 𝜔𝜔�)�𝜔𝜔�̇�𝑜 + 𝜔𝜔�̇� + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚 + Δ𝐸𝐸�𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠

+ Δ𝐸𝐸�𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠 

0 = 𝐶𝐶𝑣𝑣𝑐𝑐∗𝑣𝑣𝐶𝐶�̇ + 𝜔𝜔(𝐽𝐽𝜔𝜔�̇ + 𝑇𝑇) 

(3.5) 

(3.6) 

(3.7) 

Maintaining the capacitor voltage between max and min busses (𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥) higher than 

the faulted input line voltage (which will be lower than normal voltage) makes sure that no 

power is drawn from the grid until the fault is cleared. Once the capacitor voltage is 

maintained at the desired level, the power drawn by the capacitor itself becomes negligible 

and all the energy is transferred to supply the losses and the load as shown in (3.8). 

Establishing the capacitor as an energy transfer device, we can equate the loss in kinetic 

energy to the energy in the capacitor, which is supplied to the load and the losses. (3.9) 

presents this in a mathematical form.  

−Δ𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 = Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚  

Δ𝐸𝐸𝐶𝐶𝑎𝑎𝑝𝑝 = Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑠𝑠 + Δ𝐸𝐸𝑙𝑙𝑜𝑜𝑎𝑎𝑚𝑚 = −Δ𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐  

(3.8) 

(3.9) 
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For designing a controller for the capacitor voltage loop a mathematical relation is 

established between the q-axis stator current (𝑉𝑉𝑠𝑠𝑠𝑠) and the capacitor voltage (𝑉𝑉𝑐𝑐). The 

rotational kinetic energy is given in (3.10) and the power is obtained by differentiating it 

with respect to time as shown in (3.11). 𝜔𝜔𝑜𝑜 is the initial speed before the fault occurs and 

the speed at which the motor was operated in vector control. 𝐽𝐽 is the moment of inertia and 

𝜔𝜔 is the rotational speed of the motor.  

𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 =
1
2 𝐽𝐽𝜔𝜔

2 

𝑃𝑃𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐 =
𝑖𝑖𝐸𝐸𝑘𝑘𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑐𝑐

𝑖𝑖𝑡𝑡 = 𝐽𝐽𝜔𝜔𝑜𝑜
𝑖𝑖𝜔𝜔
𝑖𝑖𝑡𝑡  

          𝑃𝑃𝑐𝑐𝑎𝑎𝑝𝑝 = 𝑉𝑉𝑐𝑐∗𝐼𝐼𝑐𝑐 = 𝑉𝑉𝑐𝑐∗𝐶𝐶
𝑖𝑖𝑉𝑉𝑐𝑐
𝑖𝑖𝑡𝑡  

(3.10) 

(3.11) 

(3.12) 

The filter capacitor power is given by the product of its voltage and current (3.12) 

and 𝑉𝑉𝑐𝑐∗is the reference capacitor voltage. The filter capacitors are relatively smaller than 

the typical storage DC capacitors hence the control design is critical. 
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(3.13) 

(3.14) 

(3.15) 

(3.16) 

(3.17) 

Using (3.9), (3.11) and (3.12), the mathematical relation of energy transfer between 

the motor and the capacitor is established in (3.13). It is represented in the Laplace domain 

in (3.14) where, 𝑉𝑉𝑐𝑐(𝑖𝑖) is the capacitor voltage and 𝜔𝜔(𝑖𝑖) is the speed of the motor. (3.14) is 

rearranged to present the relation between 𝑉𝑉𝑐𝑐(𝑖𝑖) and 𝜔𝜔(𝑖𝑖) which is shown in (3.15). The 

rotational speed, 𝜔𝜔(𝑖𝑖) in (3.16) is substituted with equations from speed loop in vector 
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control during normal conditions to obtain (3.16) where, 𝑉𝑉𝑠𝑠𝑠𝑠(𝑖𝑖) is the q-axis stator current, 

𝑉𝑉𝑠𝑠𝑚𝑚 is the d-axis stator current, 𝑝𝑝 is the number of poles and 𝐿𝐿𝑐𝑐 and 𝐿𝐿𝑔𝑔 are the magnetizing 

and rotor inductances.  

The relation between 𝑉𝑉𝑐𝑐(𝑖𝑖) and 𝑉𝑉𝑠𝑠𝑠𝑠(𝑖𝑖) is established in (3.17). A Proportional-Intergal 

controller for the loop is designed using the pole cancellation method with a phase margin 

of 60o and a bandwidth of 125 rad/s (same as the speed loop). 

3.3 Sequence of events in ride-through method 

Among various types of faults, single-phase to ground faults are the most common 

and designing a solution for that covers 70 - 85% of the faults [44] in the power system as 

discussed in the previous chapter. The matrix converter drive sees the effect of the fault as 

a voltage sag in the faulty phase. Ride-through is implemented through a series of events 

starting with detection of fault using sequence components. Reduction in positive sequence 

component or the presence of zero/negative sequence components indicates the presence 

of a fault in that phase. In addition, a three-phase fault is detected by monitoring the input 

voltage magnitude and a reduction in it indicates a voltage sag/fault. It is followed by 

switching off the front-end converter to disconnect the system from the grid and 

replacement of the speed-control loop with the capacitor voltage control loop 

simultaneously. The capacitor voltage is hence maintained during ride-through using the 

energy transfer mechanism discussed in the previous section. The grid voltages are 

monitored continuously and after the fault clears, the front-end converter is switched on 

when the difference between the capacitor and the grid voltages is small so that the current 

transients are minimized. Finally, the filter capacitor voltage control loop is replaced with 

speed control loop and the reference speed is changed to a ramp to avoid a step change in 

the speed, which will require very high currents to be drawn from the input. The procedure 

is presented as a flow chart in Fig. 3.6. 
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Fig 3.6 Sequence of events and procedure for the proposed ride-through method 
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3.4 System simulation with results and analysis 

The three-level indirect matrix converter based open-end winding drive was 

modeled in Simulink/MATLAB using the SimPowerSystems toolbox set. The ride-through 

strategy was also implemented for the modeled system and was tested for a single-phase 

to ground fault and a three-phase to ground fault and the results were obtained. This section 

presents the system configuration used for modeling and the results of the simulation of 

the mentioned system with analysis. The drive configuration is same as mentioned in 

Chapter 2 during normal conditions. When a fault occurs, the fault is detected using 

sequence components in case of a single-phase to ground fault. The three-phase to ground 

fault detection was done by monitoring the magnitude of the input voltage and a drop in 

the magnitude indicates the presence of a fault. The implementation of this detection 

method for a single-phase fault is difficult due to the presence of a second harmonic 

waveform in the magnitude measurement when a fault occurs. Hence, the sequence 

components are used to detect a single-phase to ground fault. Both types of faults were 

simulated by reducing the magnitude(s) of the input source(s) since, when a grid fault 

occurs, the effect on the drive is essentially a sag in the input voltage.  

3.4.1 Simulation of a single-phase to ground Fault 

The system was simulated with a single-phase ground fault on the grid a-phase. The 

drive was disconnected from the grid by switching off all the IGBTs in the front-end 

converter and the drive was operated using the two three-level inverters with the input filter 

capacitor (𝐶𝐶𝑚𝑚𝑚𝑚) as the voltage source whose voltage is maintained by harvesting the kinetic 

energy from the motor.  

A fault was simulated from 0.198s to 0.5s by creating a voltage sag to 0.5pu on 

phase-a (Adjustable speed drives are generally equipped to ride-through anywhere between 

0.5 to 30 cycles). The following results were obtained. The grid-side results are presented 

first followed by the motor-side results. The filter capacitor voltages are shown in Fig. 3.7. 

During normal conditions, 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  vary from 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 to 𝑉𝑉𝐿𝐿−𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  and 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥vary from 

0 to 𝑉𝑉𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝.  
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When the fault occurs, the modified control loop measures the actual 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  voltage 

and maintains it at the reference voltage of 𝑉𝑉𝐿𝐿−𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. It can be seen in the result that 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  

stays at 𝑉𝑉𝐿𝐿−𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 throughout the duration of fault and  𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  and 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  get balanced by the 

operation of the three-level inverters. This allows the capacitors to be the new voltage 

sources for the inverters during fault condition. 

The grid phase voltages and the line voltages are shown in Fig. 3.8 and Fig. 3.9. 

The capacitor voltage, 𝑉𝑉𝐶𝐶𝑥𝑥𝑥𝑥  is maintained higher than grid line voltage so that the front-end 

converter acts as a diode bridge and disconnects the drive from the grid. In Fig. 3.8, it can 

be seen that, due to the fault in phase-a, 𝑣𝑣𝑎𝑎𝑎𝑎 and 𝑣𝑣𝑐𝑐𝑎𝑎 sag and the other line voltage remains 

healthy. Similarly, 𝑣𝑣𝑎𝑎 in Fig. sags to 0.5pu due to the fault in that phase as shown in Fig. 

3.9.  

 
Fig 3.7 Filter capacitor voltages during normal and ride-through operations 
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Fig 3.8 Grid line voltages during normal and ride-through operations 

 

 

 

 

 

Fig 3.9 Grid phase voltages during normal and ride-through operations 
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Fig. 3.10 shows the input grid current drawn by the drive. During normal 

conditions, the currents are sinusoidal and when the fault occurs, they collapse to zero since 

the front-end converter disconnects the drive from the grid. After the fault is cleared, the 

drive is reconnected only if the difference between the capacitor voltages and the grid line 

voltages is < 5V. This makes sure that not huge currents are drawn from the grid once the 

drive starts to operate under normal conditions. The grid current shown in Fig. 3.10 does 

not have huge transients during reconnection but the small spike in the current peak is due 

to the motor’s initial acceleration.  

The open-end winding voltage across the winding 𝐴𝐴1𝐴𝐴2 is shown in Fig. 3.11. The 

voltage waveform changes from a cup top to flattop during the ride-through operation. 

During normal operation, the open-end winding voltages are generated from the max-mid-

min inputs which has the cup shaped waveform in 𝑣𝑣𝑐𝑐𝑎𝑎𝑚𝑚 but when the fault occurs, the 

capacitors become the new voltage sources, which are constant and flat. Hence, the output 

voltage resembles the shape of a three-level waveform obtained from a typical three-level 

inverter.  

Fig 3.10 Grid currents during normal and ride-through operations 
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The motor dq-voltages are shown in Fig. 3.12. During the fault, 𝑣𝑣𝑠𝑠𝑠𝑠  reduces slightly 

since power is drawn from the motor to supply the losses and the flux in the motor. This is 

clearly indicated by the change in 𝑣𝑣𝑠𝑠𝑚𝑚 since the flux is controlled by the d-axis current and 

voltage. Once the fault clears the dq-voltages increase to supply the motor for re-

acceleration and once the motor reaches the rated speed, the voltages settle to nominal 

values. The motor side results are presented on a longer time scale to accommodate the 

effects of motor transients.  

Fig. 3.13 shows the motor dq-currents. The d-axis current, 𝑉𝑉𝑠𝑠𝑚𝑚 remains constant 

through the fault period, which shows that the stator flux does not drop during the ride-

through operation, which is one of the primary requirements for any method. On the other 

hand, 𝑉𝑉𝑠𝑠𝑠𝑠 reduces to a value slightly negative. This is because the power is drawn from the 

motor to supply the losses and the motor flux. Once the drive reconnects to the grid, 𝑉𝑉𝑠𝑠𝑠𝑠 

ramps up to 10 A to supply the motor acceleration. The current reduces to the normal value 

once the speed matches the reference.  

The motor speed in rad/s is shown in Fig. 3.14. The motor is vector controlled 

during the normal operation and the speed is controlled to a reference of 185.25 rad/s (rated 

speed of the motor). During the ride-through operation, the speed control loop is replaced 

with the filter capacitor voltage control loop. With the capacitors supplying only the losses 

and flux of the motor and the kinetic energy being drawn from it, the speed of the motor 

drops. The rate of the speed drop depends on the motor inertia, 𝐽𝐽 which is discussed in 

section 3.2. 

After the drive reconnects, the control loops are restored to its original state and the 

motor is again in vector control. The speed reference is changed to ramp starting from the 

value it dropped to during the fault and saturates at the reference value. This is done to 

avoid the step change in the speed, which will cause huge transients in the current drawn 

from the grid.  
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Fig 3.11 Open-end winding voltage during normal and ride-through operations 

 

Fig 3.12 Motor dq-voltages during normal and ride-through operations 
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Fig 3.13 Motor dq-currents during normal and ride-through operations 

 

 

Fig 3.14 Motor speed during normal and ride-through operations 
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3.4.2 Simulation of a three-phase to ground fault 

The system was also simulated to test the ride-through method for a three-phase to 

ground fault to cover its validity for majority of the faults in the system. A fault with a 

voltage sag to 0.5 pu in all three phases was created using the input voltage sources. The 

results are presented in Fig. 3.15. The grid side results are on the left: (top-bottom) 

capacitor voltage, grid line voltages, grid phase voltages and grid current. On the right hand 

side the motor side results are shown: (top-bottom): open-end winding voltage, motor dq-

voltages, motor dq-currents and motor speed.  

The results are similar to the ones obtained from the simulation of the system under 

a single-phase fault. The primary difference is the method of fault detection. The fault was 

detected by measuring the magnitude of the input voltage instead of using sequence 

components. In addition, since it is a three-phase fault, all the grid line and phase voltages 

reduce to 0.5 pu as shown in Fig. 3.15.  
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Grid side Results Motor Side Results 

(a) (b) 

 
(c) 

(d) 

(e) (f) 

(g) (h) 

Fig 3.15 Simulation results for Three-Phase Fault: (a)Filter Capacitor Voltages, (b)Open-end winding 
voltages, (c)Grid line voltages, (d)Motor dq-voltages (e)Grid phase voltages, (f)Motor dq-currents, (g)Grid 

currents, (h)Motor speed 
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3.5 Experimental setup, analysis and results 

For experimental verification, a two-level inverter based induction motor drive was 

built using Powerex PM50RL1A060 module. The drive control and the ride-through 

scheme was implemented using dSPACE DS1104 controller. The drive was supplied by a 

Hewlett-Packard 6010A DC power source. A 100𝜇𝜇𝜇𝜇 capacitor was used on the DC bus, 

which acted as the voltage source during the fault condition. The fault in the system was 

created using a Gigavac DC Contactor controlled using a FET on the ISO1H811G Infineon 

board. The inverter drives a 230V, 1HP, 4-pole, 60Hz Baldor induction motor. It is 

mechanically coupled to a DC generator connected to a passive load. The induction motor 

parameters are shown in Table 3.1. 

A detailed schematic of the experimental setup is shown in Fig. 3.16(c). During the 

ride-through operation, the indirect-matrix converter operates as a three-level inverter as 

described in Section 3.2. Hence, the proposed scheme is validated currently by 

implementing the method in a two-level inverter drive. During the fault condition, the filter 

capacitor on the DC bus acts the voltage source. The setup with labels is shown in Fig. 

3.16(a) and 3.16(b). The results were obtained for two conditions:  

i. DC generator is connected to a R load (R = 23.5Ω). A 190ms fault is created 

with ride-through disabled 

ii. DC generator is connected to a RL load (R = 47Ω and L = 45𝑚𝑚𝑚𝑚). A 250ms 

fault is created and ride-through is enabled 

Both the tests were run using a 200V DC supply with the drive being speed 

controlled at 1000 rpm. Fig. 3.17 and Fig. 3.18, Fig. 3.19 show the results for conditions i, 

and ii respectively. Fig. 3.19 presents a detailed zoomed-in result for condition ii. The 

figures present the motor phase-a current, DC bus capacitor voltage, inverter phase-a 

voltage and input DC bus current from top to bottom as labeled. Fig. 3.20 shows the motor 

dq-voltages, motor dq-currents and the motor speed from top to bottom for the second 

condition.  
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(c) 

Fig 3.16 Experimental setup of the two-level inverter with DC Contactor, (b) Induction motor – DC 
generator pair with resistor load, (c) Schematic of the Experimental Setup 

 

Parameters Value 

Stator resistance (𝑹𝑹𝒔𝒔) 2.5 Ω 

Rotor Resistance (𝑹𝑹𝒓𝒓) 3.96 Ω 

Stator Leakage Reactance (𝑿𝑿𝒍𝒍𝒔𝒔) 2.37 Ω 

Rotor Leakage Reactance (𝑿𝑿𝒍𝒍𝒓𝒓) 3.55 Ω 

Mutual Reactance (𝑿𝑿𝒎𝒎) 85.99 Ω 

Moment of Inertia (𝑱𝑱𝒆𝒆𝒆𝒆) 0.0134 𝑘𝑘𝑟𝑟𝑚𝑚2 

Slip (s) 0.0306 

Table 3.1 Induction Motor Parameters 

Inverter 
Module 
+ 
Driver 

DC 
Bus 

DC 
Contactor 

Sensor 
Board 

Contactor 
Controller 

DC 
Generator Induction 

Motor 

Resistor 
Load 
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Results in Fig. 3.20 were plotted in Simulink using the data recorded from the 

Controldesk software. The test under the first condition is to demonstrate the operation of 

the drive in fault condition with ride-through disabled and present the detrimental effects 

of the fault on the drive itself. 

Fig. 3.17 shows the collapse of the capacitor voltage (𝑉𝑉𝐶𝐶) without the rotational 

kinetic energy being actively recovered from the motor. In addition, the inverter phase 

voltage (𝑣𝑣𝑎𝑎) and the motor phase current (𝑉𝑉𝑐𝑐𝑜𝑜𝑡𝑡𝑜𝑜𝑔𝑔) indicate the loss in control of the motor 

since the frequency of both reduce significantly during the fault. During reconnection, the 

higher difference between the source voltage and the capacitor voltage causes a very high 

current to be drawn from the DC source (𝐼𝐼𝑖𝑖𝑚𝑚), which forces the supply to enter constant 

current mode for a significant period. Subsequently, it creates an instability in the capacitor 

voltage, which is evident in the shown result.  

The capacitor voltage (𝑉𝑉𝐶𝐶) in Fig. 4.18 shows the apparent effect of enabling ride-

through in the second test. The negative value of 𝑉𝑉𝑠𝑠𝑠𝑠 in Fig. 4.20 during the fault, indicates 

the energy recovery from the motor to maintain capacitor voltage.  Hence, the motor speed 

reduces as the rotational kinetic energy falls. Moreover, 𝑉𝑉𝑠𝑠𝑚𝑚 remaining constant suggests 

that the flux in the motor is retained at the same value. During reconnection, the inrush in 

the input DC bus current is reduced as the difference between the capacitor voltage and the 

DC bus is low compared to the case without ride-through. 𝐼𝐼𝑖𝑖𝑚𝑚 in Fig. 4.19 shows that the 

peak of the transient after the fault clears is less than two times the nominal value. The 

motor dq-voltages respond similar to the simulation results where, 𝑣𝑣𝑠𝑠𝑠𝑠  decreases during the 

fault and 𝑣𝑣𝑠𝑠𝑚𝑚 increases to small positive value and upon fault clear, both voltages recover 

to the pre-fault values after the motor re-accelerates to the reference value. 
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Fig 3.17 Experimental results for condition (i) when the drive was operated without ride-through enabled 

 

 

 

 

Fig 3.18 Experimental results for condition (ii) with ride-through enabled 
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Fig 3.19 Detailed, zoomed-in (5x) Experimental results for condition (ii) 

 

 

 

Fig 3.20 Motor dq-voltages, dq-currents and speed obtained from dSpace for ride-through operation under 
condition (ii) 
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3.6 Summary 

A ride-through method using filter capacitors for the three-level indirect matrix 

converter based open-end winding drive was proposed. The strategy for the ride-through 

method was presented, where the kinetic energy from the motor is used during the ride-

through operation to maintain the capacitor voltage and the capacitors are hence used as 

voltage sources for the two three-level inverters to supply the load and losses. The motor 

flux is also maintained this way.  

During the ride-through operation, the control configuration is changed by 

replacing the speed control loop with a voltage control loop to maintain the capacitor 

voltage. A relation between 𝑉𝑉𝑐𝑐(𝑖𝑖) and 𝑉𝑉𝑠𝑠𝑠𝑠(𝑖𝑖) was derived from the energy transfer 

equations and a PI controller was designed for the obtained transfer function. Further, the 

sequence of events during the ride-through operation was stated and discussed, where the 

drive is disconnected from the grid by switching off the front-end converter followed by 

replacement of the control loops, which enable the energy to be drawn from the motor and 

supplied back to maintain the flux and losses. When the fault clears, the drive is 

reconnected back to the grid when the difference between the grid line voltages and the 

capacitor voltages are significantly low. In addition, the speed reference is now changed to 

a ramp saturating at the previous reference value. These changes make sure that the input 

grid current transients are lowered.  

The simulation results are presented for a single-phase fault and a three-phase fault 

created by causing a voltage sag in the input the voltage sources for 302 ms. The results 

corroborate the proposed method. Finally, an experimental setup using a two-level inverter 

is described and the results are provided for a fault of 250 ms. Since the matrix converter 

drive operates as inverter with the capacitor as voltage source during the fault, the 

experimental setup helps in verifying the proposed method.  
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Chapter 4  

Conclusions and Future Work 
4.1 Conclusions and summary 

Ride-through solutions for matrix converters are essential for its commercialization 

and the proposed method offers a solution for operation of the drive during fault without 

additional storage devices or modification of the converter. Chapter 1 introduces the topics 

of adjustable speed drives, the types of faults and sags and the existing ride-through 

solutions available for the drives. The problem of common mode voltages in variable 

frequency drives is discussed and various solutions that address it are mentioned followed 

by the brief description of two types of matrix converter based open-end winding drives 

which eliminates the common mode voltages and provides a higher voltage gain depending 

on the application. The proposed ride-through method using the filter capacitors is briefly 

described and its advantages are mentioned.  
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Chapter 2 presents the space-vector pulse width modulation method using rotating 

vectors and explains in detail about the advantages (elimination of common-mode voltage) 

and limitations (lower voltage ratio) over using stationary vectors. Two matrix converter 

topologies for the open-end winding drive are described, including a direct and a three-

level indirect matrix converter configuration. The indirect matrix converter drive have two 

primary advantages over the direct drive: reduced clamp circuit requirement and lower 

switching losses. In addition, it provides a convenient gateway to implement the proposed 

ride-through strategy without any modifications to the topology. The application of these 

vectors for the matrix converter based open-end winding drives are presented. The system 

was modeled in Simulink with a mathematical induction motor model and results are 

presented for operation of the drive in rated conditions under vector control. The results 

validate the advantages of matrix converter based open-end winding drive by 

demonstrating the elimination of common-mode voltages. 

Chapter 3 proposes the ride-through strategy for the indirect matrix converter drive 

and presents the strategy used in its implementation: transfer of kinetic energy from the 

motor during the grid fault to supply the losses and maintain the flux by using the filter 

capacitors as the voltage source for the three-level inverters. The sequence of events in the 

implementation of the ride-through method starting with the disconnection of the drive 

from the grid followed by the change of control loops in the vector control scheme to 

control the capacitor voltage is described. Simulation results using the system model in 

Simulink are presented for a single-phase and a three-phase fault causing voltage sag up to 

0.5 pu. The results verify the functioning of the proposed method and demonstrate the 

advantage of using the indirect topology as no modifications in the system was necessary. 

An experimental setup was built using a two-level inverter and the ride-through scheme 

was implemented in it to validate it. The results demonstrated the effectiveness of the 

method in maintaining the motor flux and elimination of transients during reconnection.  
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4.2 Future work 

The discussed indirect matrix converter drive for open-end winding machines are 

highly advantageous over its predecessors and investigation of following ideas will aid in 

its commercialization: 

• Implementation of a ride-through strategy for the generation mode operation of the 

open-end winding drive: The indirect nature of the topology allows the three-level 

inverters to operate independent of input grid voltages since their references for 

operation (modulation) are the three (max-mid-min) level voltages. Upon 

establishment of the three-level voltages, the front-end could be operated as a three-

level inverter with the new reference from the input grid voltage during the fault. 

This implementation will be useful for the application of the drive in wind turbines. 

• Operation of the indirect matrix converter under unbalanced voltage conditions 

• Direct torque control of open-end winding induction motors using indirect matrix 

converter 
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