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Abstract – Permanent-magnet synchronous motors (PMSM) are 

widely used in modern variable speed AC drives, especially in 

electric vehicle (EV) due to high torque-to-current ratios, high 

power-to weight ratios, high efficiency and robustness. This paper 

deals with the simulation and operation of PMSM drive system 

with Z-Source Inverter. The Z-source inverter overcomes the 

barriers and limitations of the traditional voltage-source inverter 

and current-source inverter. It has the main features that the 

output voltage can be bucked or boosted by controlling the shoot-

through duty cycle and has the lower input current harmonics 

distortion, a high efficiency, as it makes possible to avoid voltage 

spikes on the switches. By introducing ZSI to the vector controlled 

scheme of PMSM drive system, the DC-link voltage is controllable 

so that PMSM can operate at high speed. The feasibility and 

effectiveness of the system is verified by simulation and 

experimental results. 

Index Terms - Z-source Inverter, PMSM Drive, Vector control. 

1. INTRODUCTION 

Many types of electric motors are used in the industry for 

different purposes: cranes, spinning machines, transportation 

and so on. Recently, ac drives in vehicle applications are 

gaining attention due to increasing pollution and fuel price 

problems. In the electrical system of an electric or hybrid 

electric vehicle based on an ac motor, the motor is producing 

torque from the battery through the inverter. Although motors 

with different structures were used to propel the vehicles, the 

permanent magnet synchronous motors (PMSM) provides high 

efficiency, robustness and high reliability.  

The power density of PMSM is higher than induction motor of 

same ratings due to the fact that no stator power used for the 

magnetic field production. Power-electronic converters are 

becoming popular for various industrial drives applications [1]. 

PWM inverter fed PMSM drive are extensively used in variable 

speed applications. Although a better sinusoidal motor current 

waveform with fewer ripples with reduced copper losses and 

switching losses is obtained, due to the fast switching 

operations, there is a significant increase in dv/dt which results 

in over-voltages [2]. 

2. RELATED WORK 

The traditional inverter based PMSM drive system consists of 

a front end three phase diode rectifier, DC link LC filter, and 

three phase Inverter Bridge. The voltage-source inverter (VSI) 

performs only the voltage buck conversion, which limits its 

application in the fields with large input voltage, such as the 

renewable energy system. To extend the input voltage range, a 

boost converter is usually inserted in the front end. Hence needs 

an additional active switch either with separated controller and 

drive system for the two stages. By introducing a passive 

network with two inductors and two capacitors into the voltage-

source inverter, the Z-source inverter (ZSI) can buck and boost 

its output voltage in a single stage without additional active 

switch [2]. The additional shoot-through state which is 

forbidden in VSI is utilized to boost the voltage in ZSI. 

Compared to the two-stage structure, the system structure of 

ZSI is simplified [1].In the ZSI, the introduced impedance 

network influences the system weight and volume greatly. The 

system power density can be improved by minimizing the size 

of impedance network. The size of the Z-source capacitors will 

be minimized by the improvement of ZSI topology. ZSI is 

adopted for various applications, such as fuel cell energy 

conversion systems and induction motor drives [3].In series 

ZSI, the power source is series connected with the inverter 

bridge and shows the reduced voltage across both capacitors 

with soft start capability [11]. 

A bidirectional ZSI (BZSI) topology has been proposed in [5], 

where the basic ZSI topology was changed into a bidirectional 

ZSI topology by replacing the input diode, D, with a 

bidirectional switch,S7 as shown in Fig.1..A modified space 

vector PWM for voltage-fed ZSI suitable for variable 

frequency AC drives has been proposed in [8] . The inductor 

current and the capacitor voltage are reduced with third 

harmonic injection in PWM for the same output voltage 

resulting in reduced L and C ratings of the Z-network.[9] The 

constant boost control method is adopted for a ZSI topology in 

[7] . In this situation, we obtain maximum torque per ampere 
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as well as maximum efficiency[13].Space vector pulse width 

modulation (SVPWM) is widely used for drive applications 

because of its various advantages such as the good DC 

utilization and less harmonics distortion in the output 

waveform[10]. In order to use SVPWM for ZSI, conventional 

space vector control strategy has to be changed to distribute the 

shoot-through states into the zero vectors without compromise 

to the active space vector [8] to form modified SVPWM.                                                                    

Indirect field oriented control (IFOC) is proposed for 

controlling the speed of an induction motor fed by a 

bidirectional Z-source inverter (BZSI) [12].Vector control of 

PMSM is presented in [13]. 

3. SYSTEM DESCRIPTION 

3.1 . Bidirectional Z-Source Inverter 

 

Fig. 1 Topology with  ZSI for PMSM drive 

Fig.1 shows the configuration of the drive system [14], which 

consists of a source, rectifier, an impedance network, a 

conventional voltage-source inverter and a PMSM. The 

impedance network consists of two identical inductors and two 

identical capacitors connected in a specific manner to achieve 

the desired properties. The additional switch S7 can be installed 

antiparallel to the input diode to eliminate the undesirable 
operation modes caused by inductor current discontinuous, and 

enables the system have the ability of bidirectional power flow. 

From the equivalent circuits of the ZSI, we have IL1=IL2  and 

.VC1=VC2=Vc.As described in [1], in the steady state, the 

operating principle can be expressed as follows: 

𝐵 =
1

1−2𝐷𝑜
                                                                              (1) 

𝑉𝑑𝑐 =
𝑉𝑐

(1−2𝐷𝑜)
= 𝐵 ∗ 𝑉𝑖𝑛                                                      (2) 

𝑉𝑐 = (1 − 𝐷𝑜) ∗ 𝐵 ∗ 𝑉𝑖𝑛                                                      (3) 

𝑉𝑑𝑐 = 𝐷𝑜 + (2𝑉𝑐 − 𝑉𝑖𝑛)(1 − 𝐷𝑜) = 𝑉𝑐                            

(4) 

𝑉𝑜 = 𝑀.𝐵
𝑉𝑖𝑛

2
                                                                        (5) 

Where 𝐷𝑜 is the shoot-through time duty ratio. B is the boost 

factor resulting from the shoot-through zero state.Vin is the dc 

source voltage. Vdc is the peak DC-link voltage across the 

inverter bridge. The average dc-link voltage, equals to the 

capacitor voltage. In order to use shoot-through vector to 

control the dc boost of this inverter, PWM methods used are: 

simple, maximum boost, maximum constant boost control, and 

modified SVPWM scheme (MSVPWM)[9]. SVPWM 

technique is possibly the best among all the PWM techniques 

for variable speed applications because of lower current 

harmonics and a higher modulation index. So the MSVPWM 

[4] scheme is adopted in this paper. 

3.2.  PWM Contol Strategy    

3.2.1  Modified SVPWM 

Space Vector PWM aims at, for a sinusoidal excitation, the 

voltage space vector will rotate with uniform velocity and the 

tip of the vector will trace a circle. SVM technique has widely 

used at industrial applications of power inverter because of 

lower current harmonics, higher modulation index, fast 

transient response and simple digital implementation. The 

objective of SVPWM technique is to approximate the reference 

voltage vector Vref using eight space vectors. In SVPWM eight 

space vectors V0~V7are used, where V1~V6 are active 

vectors, V0 and V7 are zero vectors [7]. The basic space vector 

PWM is shown below. The reference voltage vector is divided 

in to the two adjacent voltage vectors V1 and V2, if the 

reference voltage vector is located at sector 1. Switching states 

of a conventional SVPWM is shown in Fig. 2  and the 

algorithm for the conventional SVPWM of VSI is briefed as 

follows[8].The modulation index is 

𝑀 =
𝑈𝑟𝑒𝑓

(
2

3
∗𝑈𝑑)

                                                                               (6)  

 

Fig.2.Voltage Vector through a Modified SVPWM of ZSI. 

Time for active voltage vector is: 

𝑇1 =
𝑇𝑧∗𝑀∗sin(

𝜋

3
−𝛾)

sin(𝜋/3)
                                                                       (7) 
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Time for zero vectors: 

𝑇7 = 𝑇8 =
𝑇𝑜

2
                                                                                 (8) 

In conventional VSI, the AC voltage vector is limited. 

However, with the proper shoot-through control in 

combination with the SVPWM, i.e., modified SVPWM for 

ZSI, any AC voltage beyond 2Vd, could be easily implemented. 

The shoot-through states will be distributed evenly into the 

switching period. The inserted shoot-through states will not 

change the equivalent AC voltage vector in SVPWM since the 

shoot-though states and the zero states in conventional 

SVPWM appears the same to the AC side by shorting the 

inverter three-phase output terminals. The shoot-through duty 

ratio which controls the boosted DC link voltage is[8]: 

𝐷 =
3.𝑇𝑑

𝑇𝑠
                                                                                             (9) 

3.3. Drive System 

By applying flux and torque decoupling theory an efficient 

control scheme called vector control can be developed for 

PMSM.Upto the rated speed direct axis component of armature 

current is zero and only quadrature axis component exists. Thus 

up to rated speed, the control is achieved by ZSI inverter 

voltage after adjusting the frequency to the value 

corresponding to required speed by proper PWM technique. 

For speeds above rated speed the operating point is selected in 

such a way that the d-axis component of current is minimum. 

Stator voltage equations are given by [6] 

[
𝑉𝑠𝑑
𝑉𝑠𝑞

] = [
𝑅 + 𝑝𝐿𝑑 −𝜔𝑒𝐿𝑞
𝜔𝑒𝐿𝑑 𝑅 + 𝑝𝐿𝑑

] [
𝐼𝑠𝑑
𝐼𝑠𝑞

] + [
0

𝜔𝑒𝜆𝑝𝑚
]                 (10) 

where Vsd, Vsq, Isd and Isq are d- and q-axis voltages and 

currents respectively, R , Ld , and Lq are motor armature 

resistance, d- and q-axis inductances respectively, and ωe ,λ pm 

are electrical angular frequency and flux linkage respectively. 

The electromagnetic torque is obtained as, 

𝑇𝑒 = 3𝑃
[𝜆𝑝𝑚.𝐼𝑠𝑞+(𝐿𝑑−𝐿𝑞)𝐼𝑠𝑑𝐼𝑠𝑞]

2
                                               (11) 

3.3.1.  Operating principle of vector Controlled PMSM drive 

Fig.8 shows the block diagram of the vector controlled PMSM 

drive. The drive consists of speed controller, position signal 

resolver, current sensors, pulse width modulator (PWM), 

MOSFET based ZSI and PMSM. The rotor speed (ωr) is 

compared with the reference speed (ωr^) and the error in speed 

(ωe) is processed in the speed PI controller, which generates 

the reference torque (Tk*). This reference torque is limited 

using a limiter and the limited reference torque (Tr*) is used to 

generate the q-axis reference current (iq*)[13]. Similarly, from 

the rotor speed of the motor, the d-axis current (id*) is decided 

using the field weakening controller above rated speed. Both 

these d-axis and q-axis stator currents generate three phase 

reference currents (ia*, ib* and ic*), which are compared with 

the sensed winding currents (ia, ib and ic) of the PMSM. The 

current errors are fed to the PWM current controller, which 

generates the switching signals for the ZSI. These, in turn, 

control the stator phase currents of PMSM, thereby controlling 

the speed of the motor. q and d axes currents are constants in 

rotor reference frames, since torque angle is constant for a 

given load torque. 

 

Fig.3.Vector Control of PMSM 

In practice, considering the motor maximum line current 

amplitude and maximum available voltage,  

𝐼𝑠𝑑2 + 𝐼𝑠𝑞2 ≤ 𝐼𝑠𝑚𝑎𝑥2                                                                     (12) 

𝑉𝑠𝑑2 + 𝑉𝑠𝑞2 ≤ 𝑉𝑠𝑚𝑎𝑥2                                                                  (13) 

Generally, as the DC-link voltage of inverter keeps constant, 

Vsmax will also keep constant. As 𝜔𝑒 is larger than the rated 

speed of motor, a field weakening strategy should be used to 

provide the motor a high speed operation.  

However, the corresponding current amplitude will increase 

such that the copper loss will increase. Another strategy is used 

to provide the motor a high speed operation by boosting the 

Vdc as 𝜔𝑒 is increased. The ZSI provides an adjustable boost 

DC-link voltage when the PMSM needs to operate in a high-

speed region. In the speed PI controller, input parameter is the 

rotor speed and the output is maximum amplitude of q-axis 

current it will limit the motor maximum line current amplitude 

[6]. 

When the rotor speed ωr is less than the rated speed ωb , the 

ZSI works without boost and the DC-link voltage command 

Vdc* equals to the input battery voltage. The Vdc* increases 

linear proportional to speed. The relationship between the DC-

link voltage command and the speed is expressed as [6] 

𝑉𝑑𝑐
∗ = 𝑉𝑖𝑛                           𝜔𝑟 ≤ 𝜔𝑏                       (14) 

𝑉𝑑𝑐
∗ = 𝑉𝑑𝑐𝑚𝑎𝑥                                    𝜔𝑟 > 𝜔𝑚𝑎𝑥                  (15) 

𝑉𝑑𝑐
∗ =

𝑉𝑖𝑛.𝜔𝑟

𝜔𝑏
                         𝜔𝑏 < 𝜔𝑟 ≤ 𝜔𝑚𝑎𝑥       (16) 
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Above the rated voltage as the motor in the high speed 

operation. 

4.  RESULTS AND DISCUSSIONS 

Table.1. Simulation Parameters 

Parameter Value 

Bidirectional ZSI parameters 

Inductance 36.5 µH 

Capacitance 300 µF 

Switching Frequency 10 KHz 

PMSM Parameters 

Voltage 300V,50Hz 

Rated Torque 6 Nm 

Rated Speed 4500 RPM 

d-axis inductance (Ld) 2.075 mH 

q-axis inductance (Lq) 2.075 mH 

Fig.4.MATLAB/Simulink simulation diagram of ZSI control 

of PMSM 

Simulation is performed in MATLAB/Simulink software by 

using the above parameters and the following results are 

obtained. In the rated speed operation, the ZSI works without 

shoot-through and the DC-link voltage equals to the input 

voltage.FFT (Fast Fourier Transform) analysis of the obtained 

waveforms also shown. 

 

Fig.5 .Electromagnetic Torque at 50% load 

 

Fig.6 .Inverter Output voltage 

 

Fig.7 .FFT analysis of Inverter output voltage 

 

Fig.8 .Rotor Speed 
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Fig.9 .DC link Voltage 

 

Fig.10 .FFT analysis of Stator Currents 

 

Fig.11  .Stator currents 

Harmonic losses caused by PWM carrier frequency can be 

minimized by increasing inverter switching frequency. When 

Motor speed increases, high dc link voltage causes motor to 

draw high current for constant load torque. When desired speed 

increases stator current increases. It will be small since torque 

gets reduced at higher speed. For the speeds higher than half 

the maximum speed, due to lack of voltage, the speed cannot 

reach to its reference value. The space vector modulator 

generates the inverter control signals, which ensures fixed 

inverter switching frequency. So the inverter switching 

frequency is significantly increased, and the associated torque 

ripple and current harmonics can be considerably reduced. 

 

Fig.12.Results of varying Load Torque and Constant DC link 

Voltage of 600V 

 

Fig.13.Results of varying DC link Voltage and Constant Load 

Torque of 2 Nm 

5. .EXPERIMENTAL RESULTS 

In order to verify the PMSM drive system, a laboratory 

prototype of bidirectional ZSI is designed and implemented. 

For the realization of the proposed control methods a 

microprocessor board based on a PIC18F4550 has been 

chosen. Switching frequency of the system is 10 kHz.  

Investigated the various waveforms through an oscilloscope. 

Fig. 14 shows the block diagram of the system configuration. 

 

Fig.14..Block diagram of experimental setup 
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Fig.15..Prototype of PMSM fed by Z-Source Inverter 

The experimental set-up is shown in Fig. 15. For switches (S1–

S7) of the bidirectional ZSI, MOSFETIRF250 is used. Fig. 16 

shows DC-link voltage which are quite consistent with the 

simulation results. 

 

Fig.16. Inverter Output of 24V in Shoot-through mode 

Motor Speed Depends on DC link Voltage of Z-Source 

Inverter.Sothat by Controlling the DC link Voltage motor can 

work in Normal mode and shoot-through modes. 

𝑉𝑑𝑐
∗ = 𝑉𝑖𝑛                                               𝜔𝑟 ≤ 𝜔𝑏                     (17) 

𝑉𝑑𝑐
∗ = 𝑉𝑑𝑐𝑚𝑎𝑥                                    𝜔𝑟 > 𝜔𝑚𝑎𝑥                 (18) 

The shoot-through duty ratio can also be adjusted to run the 

motor on desired speed. The capacitor voltage and stator 

currents changes correspondingly. And the controller adjusts 

the speed to required level. 

6. CONCLUSION 

This paper has presented a vector controlled PMSM drive 

system with bidirectional ZSI. Therefore to extend the speed 

range of the PMSM and decrease the current amplitude in the 

high speed operation, the ZSI provides an increasing DC-link 

voltage by gating on both the upper and lower switches of the 

same phase leg, as the rotor speed is greater than the rated 

speed. Hence, the reliability of the system is greatly improved 

because the shoot through can no longer destroys the circuit. 

Since, it is a single stage structure, the efficiency of the system 

also improved. The simulation and experimental results verify 

the system. 
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