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 Poor performance of the motor drive system is caused when the direct current-

link (DC-link) capacitor voltages of the inverter are not sufficiently generated. 

This is mainly because of the various load torque changes and input voltage 

fluctuation. The qZ-source inverter operates with a fully shoot-through 

technique. This technique causes mismatching between the upper and lower 

DC-link capacitor voltages. Without capacitor voltage-balancing function, the 

desired DC-link capacitor voltages could not be provided or maintained when 

there are load and speed changes. A Sawtooth carrier-based simple boost 

triple-sixty-degree (TSD) pulse width modulation (PWM) technique is used 

to drive the qZ-source T-type inverter because this technique can give a more 

significant boost DC-link voltage than a traditional simple boost PWM 

technique. Proportional integral (PI) controller is applied for the DC-link 

voltage controller to achieve the fast response and less steady-state error. The 

simulation model was constructed for a 4 kW, 400 V, 1,400 rpm induction 

motor (IM) drive system used in rolling mill using MATLAB/Simulink with 

and without voltage balancing function. As a result, DC-link voltages of the 

qZ-source T-type inverter fed the induction motor drive system could be 

controlled using a capacitor voltage-balancing function and the output power 

of the motor from the simulation result is approximately equal to 4 kW. 

Keywords: 

Capacitor voltage-balancing 

DC-link voltage control 

Field-oriented control 

qZ-source T-type inverter 

Triple sixty-degree pulse width 

modulation 

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Tun Lin Naing 

Department of Electrical Power Engineering, Mandalay Technological University 

Patheingyi, Mandalay, Myanmar 

Email: tunlinnaing1980@gmail.com 

 

 

1. INTRODUCTION  

Traditional voltage source inverters (VSIs) are used in many applications of power electronic research 

area. Voltage source inverters are the buck inverter and cannot resist the shoot-through state which can damage 

the semiconductor devices. Therefore, VSIs need dead time to avoid the shoot-through condition. If dead time 

is used in VSI, the output voltage waveform distortion occurs in it. Impedance source (Z-source) voltage fed 

inverter was investigated in 2003 [1] to overcome the VSI’s obstacle. The impedance network or impedance 

source interconnected between the direct current (DC) source and inverter can withstand the shoot-through 

state and does not damage the semiconductor devices. Moreover, it can get buck-boost features of the inverter 

output voltage by applying the shoot-through duty ratio. In this way, the impedance network placement in front 

of the inverter can achieve a more effective power conversion unit than using a DC-DC boost converter. Many 

researchers renovated the Z-source network improved its quality to get continuous input current during the 

working time. This new topology is called the quasi-impedance source (qZ-source) inverter. Besides,  

qZ-source inverter fed motor drive system can provide the ride-through capacitor voltage capability during 

input voltage sag, less harmonic, extend output voltage than voltage and current source inverter [2], [3]. The 

https://creativecommons.org/licenses/by-sa/4.0/
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improper values of inductors and capacitors called passive components used in the qZ-source inverter introduce 

the DC-link voltage spike and discontinuous mode condition. Therefore, it is necessary to select the proper 

values of passive components of the quasi network to achieve the effectiveness of the DC-link voltage [4]–[9]. 

 In a three-level T-type inverter, there are upper and lower DC-link voltages which are separately 

controlled by the upper and lower shoot-through duty ratio, dU and dL. However, when the fully active state 

occurs, the upper and lower DC-link voltages are different. This is because the actual characteristics of passive 

components are different from that of data sheets. To ensure the desired upper and lower DC-link capacitor 

voltage, DC-link capacitor voltage-balancing function has been proposed [10]. A three-level T-type inverter 

fed induction motor drive system is efficient for medium switching frequency (4 to 24 kHz) and causes low 

conduction and switching losses and improve the efficiency of the drive system [11], [12]. According to the 

study [13], the T-type inverter is less blocking voltage and switching losses and improves efficiency of the 

drive system than other voltage source inverter. Moreover, the voltage-balancing condition of three-level  

T-type inverter topology with the proposed space vector (SV) pulsed width modulation (PWM) control strategy 

is better than the neutral point clamp (NPC) inverter [14].  

Electric motor and generator are rotating machines used for the industrial applications such as 

integrated with advanced variable-frequency power converter, sensors, high performance variable-speed drives 

and control system. Such machines are designed to operate with three-phase and single-phase AC/DC voltage 

source. Generally, electric motors can be classified as DC, induction and synchronous motor. Among them, 

induction motor is rugged, reliable, low maintenance, less expensive, and widely used in industrial electric 

drives and automation drive system [15]. The control strategies implemented for drive systems are scalar 

control and vector control. The scalar or volt per hertz (V/f) control is simple and poor torque performance in 

the steady-state condition. The vector or field-oriented control (FOC) is a fast dynamic performance of speed 

and torque response at steady-state and transient conditions. Therefore, vector control becomes the most 

popular control technique in the induction motor (IM) drive system. In vector control, there are direct and 

indirect vector controls. By using direct vector control, the flux angle can be directly obtained from flux itself. 

However, the flux can be measured using the flux sensor in the air gap or sensing coil mounted on the induction 

motor. The flux sensor installation is complicated and expensive. Thus, it is not suitable for industrial 

applications. On the other hand, in indirect vector control, the flux angle can be obtained from the slip angular 

velocity estimated from the dq-axes current command for the required flux and torque produced. This method 

needed to separate the stator current into the flux producing component (d-axis stator current), and torque 

producing component (q-axis stator current) like as a separately excited DC motor [16], [17]. 

A qZ-source inverter fed induction motor drive system based indirect field-oriented control (IFOC) 

using in any dusty environment. In industrial application, voltage source inverter (VSI) fed vector control has 

been used to control the speed of the rolling mill by reducing the negative torque feedback [18]. The change in 

speed and load may cause the fluctuation in DC-link voltage of the inverter. However, there is no DC-link 

voltage control in this study while controlling the speed of the motor. Therefore, in this paper, the qZ-source 

T-type inverter fed vector control is developed to control the DC-link voltage for the motor drive system at 

changing speed and load. The T-type inverter with three main arms and three auxiliary arms is combined with 

qZ-source. In qZ-source T-type inverter, the upper and lower DC-link capacitor voltages are separately 

controlled. In this work, a new technique, a triple sixty-degree (TSD) PWM technique is used to control the 

upper and the lower capacitor voltage by applying the upper and lower duty ratio dU and dL. To balance the 

upper and lower DC-link voltages, a capacitor voltage-balancing function is used. Without this function, the 

over-boost will occur and cause the output voltage waveform distortion. In this paper, the IFOC method is used 

to control motor’s speed and torque. Thus, a dual loop proportional integral (PI) controller in rotation 

synchronous frame is applied to control the speed and torque. The controller gains are observed using the pole-

zero cancellation method. With capacitor voltage balancing function, the fluctuation of DC-link voltage of is 

less significant response. This means the DC-link voltage of qZ-source T-type inverter can be stably generated 

at dynamic load condition. By using TSD PWM, the boost factor of inverter is improved and then and the 

desired input voltage of the motor drive system is achieved at any change in speed and load. As a result, the 

efficiency of the motor drive system can also be improved by qZ-source T-type inverter fed vector control 

using TSD PWM technique.  

 

 

2. QUASI IMPEDANCE (qZ)-SOURCE T-TYPE INVERTER  

Figure 1 illustrates the equivalent circuit of proposed design qZ-source T-type inverter. As seen in 

Figure 1, there are two impedance networks called upper and lower quasi network. For the symmetrical 

network, the values of the capacitors, inductors and diodes in the circuit are assumed to be equal so as to easily 

simplify the network analysis. The upper, 𝑣𝐶1 and lower capacitor voltages, 𝑣𝐶3 are equal, 𝑣𝐶1 = 𝑣𝐶3. 

Similarly, the inductor voltages of upper and lower network are equal, 𝑣𝐿1 = 𝑣𝐿3. The three main arms of  
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T-type inverter are composed of the main switches: Sa1, Sa2, Sb1, Sb2, Sc1, and Sc2 with freewheeling diodes: 

Da1, Da2, Db1, Db2, Dc1, Dc2 and three auxiliary arms are composed of the switches, Sa3, Sa4, Sb3, Sb4, Sc3, and Sc4 

with freewheeling diodes: Da3, Da4, Db3, Db4, Dc3, and Dc4. To control the upper DC-link capacitor voltage, the 

upper shoot-through (UST) is applied. The UST can be obtained when the upper shoot-through duty ratio, dU 

is applied to the upper switches (Sx1, Sx3, and Sx4). The lower shoot-through (LST) can be obtained when the 

lower shoot-through duty ratio, dL is applied to the lower switches (Sx2, Sx3, and Sx4).  
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Figure 1. Equivalent circuit of qZ-source T-type inverter 

 

 

2.1.  Switching operations of qZ-source T-type inverter 

Table 1 presents the voltage transition output or DC-link voltage and switching states of the qZ-source 

T-type inverter. Let us considering the one arm operation mode, there are four switches Sa1, Sa2, Sa3 and Sa4. 

For the active mode at the positive half period, Sa1 and Sa4 are turned ON and Sa2 and Sa3 are turned OFF. The 

positive current is flowing through Sa1. Although the switch Sa4 is turned ON, there is no current flowing 

through it, and the switch Sa4 has no conduction loss. For the active mode at the negative half period, Sa2 and 

Sa3 are turned ON and Sa1 and Sa4 are turned OFF. The load current is only flowing through Sa2 but not through 

Sa3. Thus, Sa3 has no conduction loss in this negative mode. 

For the freewheeling mode at the positive half period, the transistor pairs of Sa3 and Sa4 are turned ON 

while Sa1 and Sa2 are turned OFF. Sa4 is always turned ON and has nearly no switching loss in this mode. The 

load current is flowing through Sa4 and Da1. For the freewheeling mode at the negative half period, similarly 

Sa3 and Sa4 are ON while Sa1 and Sa2 are OFF. In this mode, Sa3 is always ON and has nearly no switching loss 

in this mode. Thus, load current is flowing through Sa3 and Da2. 

For upper shoot-through (UST) mode, positive current flow through the Sa1, turned ON and then 

current flow through Da4. Simultaneously Sa3 is turned ON. For lower shoot-through (LST) mode, load current 

flow through Sa2, turned ON and flow through Da3. Simultaneously, Sa4 is turned ON. Similarly, arm b and c 

have the same operation as arm a. According to the switching commutation, the T-type inverter has less 

switching losses and conduction losses. In this way, UST and LTS can be obtained to control the upper and 

lower DC-link voltages. 

 

 

Table 1. Switching State and corresponding output voltage x ϵ {a, b, c} 
Operation state Operation switch Switching output voltage 

Sx1 Sx2 Sx3 Sx4 

Positive 1 0 0 1 𝑉𝑃𝑁

2
 

Negative 0 1 1 0 
−

𝑉𝑃𝑁

2
 

Zero 0 0 1 1 0 

Upper shoot-through 1 0 1 0 𝑉𝑃𝑂 

Lower shoot-through 0 1 0 1 𝑉𝑁𝑂 
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2.2.  Circuit operation of qZ-source network 

The structure is designed by two quasi-impedance (qZ) networks between the DC supply and T-type 

inverter. There are three sub-circuits operation thus so-called: i) active state, ii) upper shoot-through state, and 

iii) lower shoot-through state as shown in Figure 2. In qZ-source network, the parasitic resistances of inductor 

and capacitor, rL and rC are considered. The ordinary differential equations from the qZ network operation are 

described as (1) to (11). Figure 2(a) presents the non-shoot-through or active state. Using Kirchhoff's current 

law and voltage law, the inductor and capacitor voltages, 𝑣𝐿  and 𝑣𝐶 and peak DC-link voltage can be obtained 

as (1) to (3). 

 

𝑣𝐿1 + 𝑣𝐿3 = 𝑣𝐷𝐶 − 𝑣𝐶1 − 𝑣𝐶3 − 2𝑖𝐿1(𝑟𝐿 + 𝑟𝐶) (1) 

 

𝑣𝐿2 + 𝑣𝐿4 = 𝑣𝐶1 + 𝑣𝐶3 − 2𝑖𝐿2(𝑟𝐿 + 𝑟𝐶) − 𝑖𝑃𝑁𝑟𝐶 (2) 

 

𝑣𝑃𝑁 = 𝑣𝑃𝑂 + 𝑣𝑁𝑂 (3) 

 

Figure 2(b) depicts the upper shoot-through state. In this state, the upper network is short-circuiting 

state and lower network is active state. The lower DC-link voltage, 𝑣𝑁𝑂 can be obtained as (4) to (7). 

 

𝑣𝐿1 + 𝑣𝐿3 = 𝑣𝐷𝐶 + 𝑣𝐶2 + 𝑣𝐶4 − 𝑣𝑁𝑂 (4) 

 

𝑣𝐿2 = 𝑣𝐶1  (5) 

 

𝑣𝐿4 = 𝑣𝐶4  (6) 

 

𝑣𝑁𝑂 = 𝑣𝐶3 + 𝑣𝐶4 (7) 

 

Figure 2(c) illustrates the lower shoot-through state. In this state, the upper network is active state and 

lower network is shoot-through state. The upper DC-link voltage, 𝑣𝑃𝑂  can be obtained as (8) to (11). 

 

𝑣𝐿1 + 𝑣𝐿3 = 𝑉𝐷𝐶 + 𝑣𝐶2 + 𝑣𝐶4 − 𝑣𝑃𝑂   (8) 

 

𝑣𝐿2 = −𝑣𝐶2 (9) 

 

𝑣𝐿4 = 𝑣𝐶3  (10) 

 

𝑣𝑃𝑂 = 𝑣𝐶1 + 𝑣𝐶2  (11) 

 

 

   
(a) (b) (c) 

 

Figure 2. Equivalent circuit for (a) active state, (b) upper shoot-through (UST) state, and (c) lower shoot-

through (LST) state 

 

 

Based on the (1) to (11), the steady-state operating points are represented (12) of quasi network can 

be derived as in (12):  
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𝐼𝐿1 =  𝐼𝐿2 = 𝐼𝐿3 = 𝐼𝐿4 =
1 − 𝐷𝑆𝑇𝐻

1 − 2𝐷𝑆𝑇𝐻

𝐼𝑃𝑁 

𝑉𝐶1 = 𝑉𝐶3 = [
1−𝐷𝑆𝑇𝐻

1−2𝐷𝑆𝑇𝐻
]

𝑉𝐷𝐶

2
  

𝑉𝐶2 = 𝑉𝐶4 = [
𝐷𝑆𝑇𝐻

1−2𝐷𝑆𝑇𝐻
]

𝑉𝐷𝐶

2
 (12) 

 

The steady-state operating points of upper and lower DC-link voltage, VPO and VNO and output peak phase 

voltage, �̂�𝑜 is derived as (13) to (15). 

 

𝑉𝑃𝑂 =  𝐵1
𝑉𝐷𝐶

2
  (13) 

 

𝑉𝑁𝑂 =  𝐵2
𝑉𝐷𝐶

2
  (14) 

 

�̂�𝑜 = 𝑚𝑎
∗(𝐵1 + 𝐵2)𝑉𝐷𝐶  (15) 

 

where 𝐵1 =
1

1−2𝐷𝑆𝑇𝐻
≥ 1 and 𝐵2 =

1

1−2𝐷𝑆𝑇𝐻
≥ 1 are the boost factor of upper and lower DC-link voltages, �̂�𝑜 

is the peak phase output voltage. Modulation index is defined as 𝑚𝑎
∗. The DC-link capacitor voltage 𝑉𝑃𝑁 can 

be obtained by adding the upper and lower DC-link voltages (13) and (14). 

 

2.3.  PI controller for DC-link capacitor voltages  

This work using the small-signal perturbation of state variable form, �̇� = 𝐴�̃� + 𝐵�̃� + 𝐶�̃�. The control 

to DC-link capacitor voltage transfer function of the system is given in (16), where DSTH is the shoot-through 

duty ratio of qZ-source impedance T-type inverter.  

 
(�̃�𝐶1+�̃�𝐶3)(𝑠)

�̃�𝑆𝑇𝐻(𝑠)
=

4𝐼𝑃𝑁(𝐿𝑠+2𝑟𝐶+3𝑟𝐿−2𝐷𝑆𝑇𝐻𝑟𝐿)−𝑉𝐷𝐶(1−2𝐷𝑆𝑇𝐻)

(4𝐶𝐿𝐷𝑆𝑇𝐻−2𝐶𝐿)𝑠2+(4𝐶𝐷𝑆𝑇𝐻𝑟𝐶−2𝐶(𝑟𝐿+𝑟𝐶)+4𝐶𝐷𝑆𝑇𝐻𝑟𝐿)𝑠+16𝐷𝑆𝑇𝐻
3 −24𝐷𝑆𝑇𝐻

2 +12𝐷𝑆𝑇𝐻−2
 (16) 

 

DC-link voltages are difficult to measure directly due to their discrete nature. Therefore, DC-link 

voltage can be indirectly measured from the capacitor voltages(𝑣𝐶1, 𝑣𝐶3). The capacitor voltage is difficult to 

control while occurrence of the external disturbance, input fluctuation and its characteristics. PI controller is 

used to maintain the capacitor voltages to resist the sag and swell the supply side and external disturbances. 

The network parameters for qZ-source are shown in Table 2. 

The plant transfer function is a critical point to find the controller gains (kp, ki). The PI controller gain 

Gc(s) obtains from a comparison of the reference two capacitor voltage (V*C1+V*C3) and actual two capacitor 

voltage (vC1+vC3). PI controller is to reduce the right-half plane converter effect and eliminate the steady-state 

error and commonly used in motor drive system. Controller gain generates the shoot-through duty ratio DSTH 

to command the PWM pulse that provides the control pulse for corresponding switch. Figure 3 shows the 

closed-loop control system of DC-link capacitor voltage.  

 

 

Table 2. Parameters of qZ-source simulation 
Quantity Symbol Value Unit 

Input voltage 𝑉𝐷𝐶 300 V 

DC-link Voltage 𝑉𝑃𝑁 400 V 

Output current 𝐼𝑃𝑁 1 A 

Inductors 𝐿1,  𝐿2, 𝐿3, 𝐿4 0.77 mH 

Capacitors 𝐶1,  𝐶2, 𝐶3, 𝐶4 470 µF 

Parasitic resistance 𝑟𝐿 0.3 Ω 

Equivalent resistance 𝑟𝐶 1.4 Ω 

 

 

DSTHPI Controller

Gc(s) Gp(s)

 
 

Figure 3. Closed-loop DC-link voltage control structure 
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The purpose of DC-link voltage control is to regulate the capacitor voltage and utilize the desired voltage. The 

plant transfer function, Gp(s) of the system is described in (17) which is calculated using parameters shown in 

Table 2. 

 

𝐺𝑝(𝑠) =
−0.00308𝑠+405.6

5.067×10−7𝑠2+0.001119𝑠+0.686
 (17) 

 

 

 

3. DC-LINK CAPACITOR VOLTAGE-BALANCING FUNCTION WITH TSD PWM METHOD  

The pulse width modulation PWM is an essential technique for controlling inverter switching 

operating mode to achieve a good utilization of output voltage. Traditional boost PWM control methods used 

in impedance source inverters are simple boost (SB) control, maximum boost (MB) control, maximum constant 

boost (MCB), and SV control method [19]–[21]. TSD method of the DC-link capacitor voltage and the output 

voltage are controlled by regulating the modulation index, 𝑚𝑎
∗ . 

 

3.1.  Triple sixty-degree PWM method 

The simple boost TSD PWM method is comprehensively based on the dual space vector pulse width 

modulation (DSVPWM) technique [22]. This SB control method increases the voltage stress and limits the 

voltage gain due to the switch device voltage rating. Shoot-through duty ratio, DSTH is obtained from the DC-

link PI control and this ratio should have within the (1−𝑚𝑎
∗ ). According to the simple boost method, shoot-

through limiter, dSTH should be less than (1−𝑚𝑎
∗ ). If under modulation occurred, shoot-through limiter, dSTH 

and shoot-through duty ratio, DSTH would become equal due to the MATLAB function algorithm for the 

capacitor voltage-balancing function. 

The TSD PWM method consist of three sets of sixty-degree modulation waves as the reference 

signals, and medium frequency sawtooth wave, 𝑣𝑐𝑎𝑟  represents a carrier signal. Figure 4 presents the triple 

sixty-degree modulation with one fundamental cycle in which x ϵ {a, b, c}. The sixty-degree PWM technique 

can reduce the harmonic distortion and extend the output magnitude [23]. Sine modulation waves, 

𝑣𝑠𝑖𝑛𝑥
∗  transformed into sixty-degree modulation ‘flat top’ wave, 𝑣𝑆𝐷𝑥

∗  using MATLAB function algorithms. The 

sixty-degree flat top section between 60 and 120 is an upper half cycle and 240 and 300 is a lower half 

cycle. Modulation index,𝑚𝑎
∗  is multiple by 115% toget the input voltage required modulation wave. 

The main arm set of sixty-degree modulation reference is 𝑣𝑥
∗. The upper set of sixty-degree modulation 

reference is 𝑣𝑥2
∗ . By adding the sum of upper shoot-through duty ratio, dU and main arm set, 𝑣𝑆𝐷𝑥

∗  to 𝑣𝑥2
∗ , the 

lower DC offset is achieved. The lower set of sixty-degree modulation reference is 𝑣𝑥1
∗ . By adding the sum of 

lower shoot-through duty ratio, dL and main arm set, 𝑣𝑆𝐷𝑥
∗  to 𝑣𝑥1

∗ , the upper DC offset is achieved. The generated 

gate signals are shown in Figure 5 with respected to switching operations. The upper and lower shoot-through 

time, TUST and TLST, upper and lower duty ratio, dU and dL. The triple boost factor, BTSD and simple boost factor, 

BSB can be calculated using (18) to (23). Gate signal generation of sawtooth carrier-based triple sixty-degree 

modulation waves of half switching cycle for one arm is shown in Figure 5.  

 

 

                                                                                                                             

v*x2 v*x v*x1 vcar

0 T1

0

1

Time(sec)  
 

Figure 4. Triple sixty-degree modulation and sawtooth carrier signal for one fundamental cycle 

 

 

𝑑𝑈 =
𝑑𝑆𝑇𝐻

2
  (18) 

 

𝑑𝐿 =
𝑑𝑆𝑇𝐻

2
  (19) 

 

TUST = UpperDCoffset ∗
𝑇

2
 (20) 
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TLST = LowerDCoffset ∗
𝑇

2 
   (21) 

 

𝐵𝑇𝑆𝐷 =
1

3𝑚𝑎
∗ −2

  (22) 

 

𝐵𝑆𝐵 =
1

2𝑚𝑎
∗ −1

   (23) 
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Figure 5. Generating TSD PWM for operating region in half fundamental cycle of T-type inverter 

 

 

3.2.  DC-link capacitor voltage-balancing control method 

The important point of DC-link voltage control is balancing the two capacitor voltages vC1 and vC3. 

Without matching the two capacitor voltages, DC-link voltage cannot regulate and it affects the output voltage 

that may lead to achieve the poor performance with the drive system. Therefore, it is required to use the correct 

value of gain and remove the steady-state error. The same upper and lower duty ratio, dU = dL can be achieved 

by balancing two capacitor voltages from shoot-through limiter, dSTH. When the upper capacitor voltage, vC1 is 

less value than the lower capacitor voltage, vC3 the balancing value, ∆𝑑 is added to upper shoot-through limiter 

(dU= dSTH+∆𝑑) to be balanced as the lower capacitor voltage. When the lower capacitor voltage, vC3 is less 

value than the upper capacitor voltage, vC1 the balancing value, ∆𝑑 is added to lower shoot-through limiter 

(dL=dSTH+∆𝑑) to be balanced as the upper capacitor voltage. Balancing value should be carefully chosen 

because this may occur the over-boost and lead to damage the passive component value of quasi network. 

Overall system block and MATLAB function block of the system are explained in following section. 

 

3.3.  Software implementation of qZ-source T-type inverter fed induction motor drive system 

This section explains the software implementation of qZ-source T-type inverter with IFOC based 

induction motor drive system used the TSD PWM method. The field-oriented control is very popular in 

industrial motor drive system because this technique based on the control of both magnitude and direction of 

motor current and furthermore, it can control the dynamic condition of motor drive system. The overall block 

diagram is illustrated in Figure 6. Single-phase 220 V, 50 Hz AC supply is transformed into 300 V DC supply 

to qZ-source T-type inverter is applied to a three-phase induction motor.  

For IFOC based speed and current control, the line current,𝑖𝑎𝑏𝑐  is transformed into a rotating 

synchronous reference frame current, 𝑖𝑑𝑞𝑠
𝑒  by using the direct Park transformation to reduce the complexity of 

the differential equations. 𝜆𝑑𝑟
𝑒∗  and 𝑇𝑒

∗ are defined as the reference amplitude of the rotor flux and 

electromagnetic torque. The speed error is the difference between the reference speed, 𝜔𝑚
∗  and the estimated 

speed,𝜔𝑚. The output of the PI speed controller is the reference torque, 𝑇𝑒
∗. The reference d-axis stator current, 

𝑖𝑑𝑠
𝑒∗ controls the rotor flux, 𝜆𝑑𝑟

𝑒∗ , whereas the reference q-axis stator current, 𝑖𝑞𝑠
𝑒∗ also controls the torque, 𝑇𝑒

∗. The 

current error is the difference between the reference dq current, 𝑖𝑑𝑞𝑠
𝑒∗  and dq current, 𝑖𝑑𝑞𝑠

𝑒  applied to the PI 

controllers. Rotor angle, 𝜃𝑒  is obtained from the slip angular frequency, 𝜔𝑠𝑙 . The current controller output,  

𝑣𝑑𝑞
𝑒∗  is multiplied by half DC-link capacitor voltage, 

2

𝑣𝑃𝑁
 to achieve the modulation index of 𝑚𝑑𝑞

∗. System 

component values are synchronous reference frame denote as superscript ‘e’. The PI controller accomplished 

the DC-link voltage, speed, and current of the motor drive system by using the feedback control. The magnitude 

modulation vector,  𝑚𝑎
∗  is defined in (24) which is injected into the TSD modulation block and shoot-through 

limiter block.  
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 𝑚𝑎
∗ = √(𝑚𝑑

∗)2 + (𝑚𝑞
∗)2 (24) 

 

 

 
 

Figure 6. Block diagram for induction motor drive system 

 

 

IFOC strategy and the induction motor model are expressed in [24], [25]. Feed-forward components 

are out of scope for this current controller design. The IFOC based dual-loop speed and current PI controller 

gains are achieved by using the pole-zero cancellation method to improve the induction motor dynamic 

response. The pole-zero cancellation method was used to select the speed and current controller gains as guided 

[26] and PI gain values and bandwidth frequency are described in Table 3.  

 

 

Table 3. Current and speed PI controller gains 
PI controller gain Current control Speed control 

kpc kic kpm kim 

 28.8687 6.811104 9.5532 2.1768 

Bandwidth frequency(rad/sec) 2.513103(𝜔𝑐𝑖) 251.3274(𝜔𝑐𝑚) 

 

 

3.4.  Workflow configuration for gate signal generation 

For induction motor drive system, the indirect FOC method is used to control the dynamic 

performance of the motor. Figure 7 illustrated the workflow process of this system. From the IFOC of speed 

and current motor drive PI control, getting the modulation index, 𝑚𝑎
∗  and rotating angle, 𝜃𝑒. These are injected 

into the reference sine wave, which is transformed into sixty-degree modulation using the MATLAB function 

algorithm. Control to DC-link capacitor voltage ration (16) generates the shoot-through duty ratio, DSTH to 

provide the PWM pulse. Due to the simple boost limitation, to control the upper and lower DC-link capacitor 

voltage vc1 and vc3, DSTH is transformed into upper and lower duty ratio dU and dL using the MATLAB function 

algorithm. These two-duty ratio are applied to the TSD PWM block which generates the three sixty-degree 

reference waves. Finally, three reference waves and sawtooth carrier wave are compared and then achieve the 

active, upper and lower shoot-through gate pulse. TSD PWM method has more boost factor than simple boost 

PWM method because of (22) and (23) and explained in the next section. 
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Figure 7. Workflow configuration for gate signal generation 

 

 

4. RESULTS AND DISCUSSION  

Simulation work was carried out by using MATLAB/Simulink software. The frequency responses at 

various PI gains of DC-link capacitor voltage controller were firstly observed. From the results, the PI gains, 

phase and gain margin were selected for the next step simulation.  

 

4.1.  Frequency response of DC-link capacitor voltages PI controller  

To control the DC-link capacitor voltages (vc1 and vc3), the PI controller was used. In this study, the 

PI gains (kp and ki) are set from 0.01 to 0.1 for kp and 10 for ki. The frequency responses of DC-link capacitor 

voltage PI controller are shown in Figure 8(a) step response Figure 8(b) bode plot. As seen in Figure 8(a), the 

response while kp3=0.1 and ki3=10 has faster response, settling time is 0.006 sec and zero steady-state error. To 

maintain stability under variations in circuit characteristics caused during operation, the phase and gain margin 

are calculated at different kp and ki values. The according to the results, bandwidth crossover frequency (CF3) 

1.9104 rad/sec is at phase margin PM3=17.2, gain margin GM3=19 dB. This means the system is stable at 

kp3=0.1, ki3=10. Therefore, this can be a well-tried DC-link capacitor voltage PI control for this work. 
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Figure 8. Corresponding simulated result for step response and frequency response for, (a) response of the 

DC-link capacitor voltage with PI controller and (b) bode plot for frequency response with PI controller 
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4.2.  Comparisons between simple boost sixty-degree and triple sixty-degree PWM method 

The modulation index, 𝑚𝑎 
∗ of the triple sixty-degree PWM method was calculated to get the upper and 

lower duty ratios (dU and dL). In this work, the comparisons between 𝑚𝑎
∗  of the simple boost sixty-degree (SBSD) 

and TSD PWM method were done. The modulation index,𝑚𝑎
∗  using both methods are shown in 

Figures 9(a) and (b) with respect to the boost factors and output peak phase voltage of the inverter. Using TSD 

PWM method, the boost factor can be improved twice at 𝑚𝑎
∗ = 0.75 of that using SBSD. However, when 𝑚𝑎

∗  

is closed to 1, the factors using both methods are decreased. According to the (22) and (23), the boost factors 

are inversely proportional to the modulation index, 𝑚𝑎
∗ . Moreover, 𝑚𝑎

∗  should be less than 1. For this work, 

boost factor (1.18) and 𝑚𝑎
∗  (0.95) are chosen in considering of motor rating. SBSD method cannot achieve the 

required line voltage at this point. According to the (18) and (19), dU and dL can be calculated from the shoot 

through limiter, dSTH where dSTH is (1- 𝑚𝑎
∗ ). Using (15), the output peak phase voltage,�̂�𝑜 can be calculated as 

shown in Figure 9(b). The phase voltages are increased when the modulation index is decreased. Using TSD 

PWM method, the higher output voltage can be achieved comparing with SBSD at the same modulation index. 

Therefore, TSD PWM method could be used for motor drive system which consumes higher voltage rating.  
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Figure 9. Relationship between modulation index with (a) boost factor and (b) output phase voltage 

 

 

4.3.  With and without balancing control of the qZ-source T-type inverter fed induction motor drive 

The characteristics of dq-axes current, 𝑖𝑑𝑞𝑠
𝑒 , load torque, 𝑇𝑒 and rotating speed, Nr for drive system 

were studied with and without the DC-link capacitor voltage-balancing function. In order to study the dynamic 

state of motor drive system with and without DC-link capacitor voltage-balancing function, the simulation has 

been carried out for the cases: i) DC supply change, ii) speed change and iii) torque change. Table 4 represents 

the parameters of three-phase induction motor proposed to be used in this work. The reference DC-link 

capacitor voltage (VC1+VC3)* is set as 400 V and the operating time is 8 sec and 𝑚𝑎
∗ =0.95, dU and dL=0.05 and 

switching frequency, fsw=8 kHz are set for software implementation. 
 

 

Table 4. Induction motor parameters used for simulation 
Description Symbol Value Unit 

Power rating  P 4 kW 

Line to line (rms)   VLL 400 V 

Line frequency f 50 Hz 
Rotor Rated Speed Nr 1400 rpm 

Stator Resistance Rs 1.405 Ω 

Stator Inductance Ls 0.005839 H 
Rotor resistance Rr 1.395 Ω 

Rotor Inductance Lr 0.005839 H 

Mutual Inductance Lm 0.1722 H 
Moment of Inertia J 0.0131 Kg-m2 

Friction factor B 0.002985 - 

Pole Pair P 2 - 

 

 

4.3.1. Case 1: disturbance of DC supply voltage 

Under this condition, the DC supply voltage (300 V) is applied to qZ-source T-type inverter while the 

motor is operating at constant speed 1400 rpm and load torque 1 N-m. After 3 sec, the applied DC voltage 
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changes to 250 V as seen in Figure 10. After 6 sec, it arises back to 300 V. In this case, changes in DC supply 

voltage because of the input fluctuation are considered. 

Figure 11 shows the response of the qZ-source T-type Inverter fed Induction motor drive with DC 

Supply Disturbance. According to the simulation result without capacitor balancing function as shown in 

Figure 11(a), DC-link capacitor voltages are significantly mismatched during operation. With capacitor 

balancing function, there is no significant change in DC-link capacitor voltage, Figure 11(b). 

 

4.3.2. Case 2: changes in reference speed step of the motor 

In order to operate motor drive system with 1,400 rpm reference speed, the motor is started to operate 

with 700 rpm and then stepped to1,400 rpm at 4 sec as seen in Figure 12. The DC supply voltage 300 V and 

load torque 1 N-m are remained constant. As a result, the actual speed response follows the reference speed 

with few milliseconds of delay to reach the desired speed. Figure 13 shows the characteristics DC-link capacitor 

voltages while setting to rated speed with and without capacitor balancing function. Without balancing 

function, when the motor is not operating at rated speed with 1,400 rpm, there is mismatching between the two 

capacitor voltages as seen Figure 13(a). Even though the speed step changes to rated speed, the capacitor 

voltages are still not equally operating and it may take some times to operate equally. With balancing function, 

DC-link capacitor voltage occurs significantly overshot at rated speed increased as shown Figure 13(b). 

Figures 14 and 15 show the rotating dq-axes current at reference speed step-change. Both rotating d-axis current 

for without balancing control in Figure 14(a) and with balancing control in Figure 14(b) have a high flux 

density in speed change of the motor at 4-sec. Both rotating q-axis current for without balancing control in 

Figure 15(a) and with balancing control in Figure 15(b) occurred sharp rise of current at 4 sec.  

 

4.3.3. Case 3: changes in load torque  

In this case, the torque is increased from no-load to 2 N-m loads at a constant supply voltage of 

300 V and a constant speed of 1,400 rpm. According to the simulation result, the actual response of load torque 

follows the reference load change as shown in Figure 16. Without balancing function, the DC-link capacitor 

voltages are fluctuated at initial t= 0-2 sec, then the DC-link capacitor voltages are not stable the desired voltage 

200 V from no-load to load. With balancing function, the DC-link capacitor voltages are stable from no-load 

to load, except the initial fluctuation for 0.15 sec expressed in Figure 17(a). This means adopting the capacitor 

balancing function to the qZ-source T-type inverter can control the DC-link capacitor voltages during the 

transition of no-load to load condition of the motor as shown in Figure 17(b). 

Speed and torque results were possible to verify the response of the PI controller. Without using the 

capacitor voltage-balancing function, DC-link each capacitor value does not have the 200 V. Using the 

capacitor voltage-balancing condition, each DC-link capacitor voltage achieves the desired voltage of 200 V. 

In case 2 with voltage-balancing function, when the rated speed step changed, that also slip changes, but the 

motor runs at rated torque and constant DC supply; therefore, the DC-link voltage significant fluctuation occurs 

at speed increased point. 

 

 

 
 

Figure 10. DC supply voltage step change 

 

 

  
(a) (b) 

 

Figure 11. Comparing the software results in dc-link capacitor voltage at dc supply disturbance (a) without 

balancing function and (b) with balancing function 
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Figure 12. Speed step change response of the motor drive system 

 

 

  
(a) (b) 

 

Figure 13. Speed step change response of the motor drive system with DC-link capacitor voltage at  

(a) without balancing function and (b) with balancing function 

 

 

  
(a) (b) 

 

Figure 14. Speed step change response of the motor drive system with rotating d-axis current at (a) without 

balancing function and (b) with balancing function 

 

 

  
(a) (b) 

 

Figure 15. Speed step change response of the motor drive system with rotating q-axis current at (a) without 

balancing function and (b) with balancing function 

 

 

 
 

Figure 16. Load torque change response of the motor drive system 
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(a) (b) 

 

Figure 17. Load torque change response of the motor drive system with DC-link capacitor voltage at  

(a) without balancing function and (b) with balancing function 

 

 

5. CONCLUSION 

This paper presents DC-link voltage control of the qZ-source T-type inverter fed IFOC based 

induction motor drive system with the simple boost triple sixty-degree PWM method. The capacitor voltage-

balancing function with the TSD technique can achieve significant equal voltage sharing on two DC-link 

capacitor voltages of the inverter. By comparing with/without using capacitor balancing function, qZ-source 

T-type inverter of TSD PWM with capacitor voltage balancing function could provide DC-link capacitor 

voltages equally. The simulation model of TSD PWM method generates more extended output peak phase 

voltage with 336 V than SBSD method (316 V). Thus, the line voltage of the motor is 400 V. The performance 

results are robust and continue to track the reference value by adequately designing the current and speed PI 

controller gains. According to the simulation results, the drive system has effective speed and current control, 

and the capacitor voltage-balancing function achieves satisfactory results. Therefore, the system has high 

reliability. According to the simulation results, the RMS voltage of the motor is 408 V and the current is  

8.5 A, and then the power consumption of the motor can be calculated as 4.13 kW. The system achieved the 

fast response and less steady-state error by using PI controller for the DC-link voltage controller. Thus, this 

motor drive system with qZ-source T-type inverter using TSD PWM method could be used for rolling mill. In 

the near future, a small-scale experiment test will be carried out to validate the simulation result of qZ-source  

T-type inverter fed induction motor drive system. Therefore, a triple sixty-degree sawtooth carrier-based with 

capacitor voltage-balancing function is suitable for this drive system. 
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