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Abstract 
 

Based on the application of an integrated dynamic brake (IDB) system that uses a PWM inverter fed-AC motor drive to 

operate the piston, a new active zero state PWM (AZSPWM) is proposed to improve the stability and reliability of the IDB 

system by suppressing the conducted electro-magnetic interference (EMI) noise under a wide range of load torque. The new 

AZSPWM reduces common-mode voltage (CMV) by one-third when compared to that of the conventional space vector PWM 

(CSVPWM). Although this method slightly increases the output current ripple by reducing the CMV, like the CSVPWM, it can 

be used within the full range of the load torque. Further, unlike other reduced common-mode voltage (RCMV) PWMs, it does 

not increase the switching power loss. A theoretical analysis is presented and experiments are performed to demonstrate the 

effectiveness of this method. 

 

Key words: Active zero state PWM (AZSPWM), Common-mode current (CMC), Common-mode voltage (CMV), Electro- 

magnetic interference (EMI), Integrated dynamic brake (IDB), Reduced common-mode voltage PWM (RCMV-PWM) 

 

I. INTRODUCTION 

With the evolution of internal combustion engines to 

electric vehicles (EVs), several changes are required, one of 

which is the braking system. The conventional vacuum brake 

amplifies pedal pressure using vacuum generated by the 

engine. However, since EVs have no such engine, 

conventional vacuum brake is no longer applicable [1]-[3]. 

For this reason, an integrated dynamic brake (IDB) system 

has been developed [4]. 

However, in an IDB system, a PWM inverter fed-AC 

motor drive is used for the operation of the piston. However, 

this suffers from the common-mode voltage (CMV) problem. 

A CMV with sharp edges produces a high CMC. This may lead 

to motor bearing failures and electro-magnetic interference 

(EMI) noise that causes a nuisance trip of the inverter drive 

or interference with other electronic equipment [5], [6]. 

Consequently, EMI may seriously degrade the stability and 

reliability of an IDB system, which is directly related to 

driver safety [7]. Therefore, it is necessary to study approaches 

to reduce EMI noise from IDB systems. In addition, it is 

imperative to ensure the stability, reliability and robustness of 

IDB systems against EMI. 

To cope with the CMV problem in PWM inverter fed-AC 

motor drives, many researchers have proposed various methods. 

Hardware approaches include common-mode chokes [8], [9], 

4-phase inverters [10], passive/active cancellation circuits 

[11]-[15], and passive/active filters [16]-[18]. Software 

approaches include switching pattern modification of the 

conventional space vector PWM (CSVPWM) for a reduction 

of the CMV in addition to other approaches [19]-[22]. Using 

these approaches known as reduced common-mode voltage 

(RCMV) PWM, the CMV is reduced from  Vdc/2 of the 

CSVPWM to  Vdc/6. Unlike hardware approaches, software 

approaches do not need an additional components in the 
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system. Thus, they are more attractive in terms of mounting 

space, fuel efficiency and economy [20]-[22]. Because of 

these advantages, the application of RCMV-PWMs to 

three-phase four-leg inverters and dual-inverters has also 

been studied [23], [24]. It is assumed that the new AZSPWM 

in [22] is a potential candidate to reduce both the CMV and 

switching power loss among the RCMV-PWMs with a full 

modulation index. 

The final objective of this study is the reduction of both the 

switching power loss and EMI by applying the new 

AZSPWM to the IDB system. In this study, the CMV, total 

switching number and voltage linearity are analyzed, while 

the output phase current, CMV and EMI performances are 

evaluated under a wide range of load torque. From the 

experimental results and analysis, it is confirmed that the 

EMI noise reduction using the new AZSPWM is valid in all 

of the load torque regions of the IDB system. 

 

II. IDB SYSTEM 

The structure of the IDB system is shown in Fig. 1. When a 

driver applies the brake pedal, data from the pedal travel 

sensor (PTS) is transferred to the ECU, which calculates the 

motor torque and speed. Then, the rotational motion of the 

motor is transformed to rectilinear motion by a worm gear, 

and it applies or releases pressure on the piston. 

When the electrical relationship of the IDB is considered, 

parasitic elements exist within the system, such as stray or 

parasitic capacitances between two conductors (e.g., between 

the power module of the IGBT/MOSFET and the heat sink or 

ground plane; between the power cable and the ground plane; 

and between the motor frame and the stator windings) and 

parasitic inductance (e.g., electric wires). The stray 

capacitance leads to common-mode (CM) conducted noise 

being unintentionally generated in the system, which can be 

expressed by (1). Parasitic inductance generates differential 

mode (DM) conducted noise, as expressed by (2). Thus, if the 

value of the parasitic elements is high and/or the switching is 

fast (high dv/dt and high di/dt), the EMI will be increased. 

c p

dv
i C

dt
                   (1) 

d p

di
v L

dt
                   (2)  

The main source of EMI noise in the PWM inverter 

fed-AC motor drive of a IDB system is shown in Fig. 2. The 

high dv/dt of the CMV due to the rapid switching operations 

(20 kHz in this system) produces a considerable amount of 

CMC, which flow through the parasitic capacitance between 

the motor frame and stator windings. These currents enter the 

chassis ground of the vehicle, which is connected to the 

motor frame. This may lead to motor bearing failures, EMI 

noise that causes a nuisance trip of the inverter drive or 

interference with other electronic equipment. Therefore, it is  

 
Fig. 1. Structure of the IDB system. 

 

 
Fig. 2. PWM inverter fed-AC motor drive of an IDB system. 

 

imperative to reduce EMI noise from the PWM inverter 

fed-AC motor drive of an IDB system to ensure stability and 

reliability. 

 

III. NEW AZSPWM METHOD 

A. Common-Mode Voltage 

CMV is defined as the potential difference between the star 

point of a load and the center of the dc-link of a three-phase 

inverter. From the three-phase balance condition, CMV can 

be calculated as: 

3

ao bo co
no cm

V V V
V V

 
            (3) 

A three-phase inverter has eight switching states and may 

be expressed as voltage vectors in the d-q plane. Among 

these voltage vectors, V0 and V7 are known as zero voltage 

vectors while the vectors from V1 to V6 are known as active 

voltage vectors. 

Table I shows the CMV according to the voltage vectors of 

a three-phase inverter. The formations of the voltage vectors 

and CMV for the CSVPWM and the new AZSPWM, when 

synthesizing the reference voltage vector located in sector  
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(a)                        (b) 

Fig. 3. Formation of voltage vectors in the d-q plane and CMV 

with: (a) CSVPWM; (b) new AZSPWM. 

 

A1, are shown in Fig. 3. The switching sequences of the 

CSVPWM and the new AZSPWM for each of the sectors are 

listed in Table II. While the CSVPWM utilizes a combination 

of active voltage vectors and zero voltage vectors to synthesize 

the reference voltage vector, the new AZSPWM uses only 

active voltage vectors. From these results, the range of the 

CMV is significantly reduced from −Vdc/2 ≤ Vcm ≤ Vdc/2 

of the CSVPWM to −Vdc/6 ≤ Vcm ≤ Vdc/6 as with other 

RCMV-PWMs. 

B. Number of Switchings 

For both the CSVPWM and the RCMV-PWMs, the 

utilized voltage vectors can synthesize the same reference 

voltage vector on average. However, the use of the voltage 

vector causes switching related to the heat performance and 

energy efficiency of the system. Therefore, the number of 

switchings should be considered. The total number of 

switchings is divided into the number of switchings at 

switching sequence step changes, and the number of switching 

at sector changes. All of the RCMV-PWMs except for the 

NSPWM [20] and the new AZSPWM have a higher total 

number of switchings than that of the CSVPWM. Because the 

new AZSPWM has the same number of switchings at 

sequence step changes and sector changes when compared to 

the CSVPWM, it does not decrease the heat performance or 

fuel efficiency of the system unlike other RCMV-PWMs [21], 

[22]. 

C. Voltage Linearity 

Each PWM has a specific voltage linearity range. The 

voltage linearity range is an important characteristic of PWM 

since it is related to the low-frequency harmonics of the 

output voltage, which results in significant distortion of the 

motor current and torque. Therefore, it is desirable to have a 

wide voltage linearity range. AZSPWMs, including the new 

AZSPWM, have the same voltage linearity characteristics as 

the CSVPWM. However, other RCMV-PWMs have 

limitations of the dc-voltage utilization (not feasible for a 

specific region) [20], [21]. 

From the view point of both the CMV and the switching  

TABLE I 

INVERTER POLE VOLTAGE AND CMV BY SWITCHING STATE 

Switching state Van Vbn Vcn CMV 

Zero 

voltage 

vector 

V0(0,0,0) −Vdc/2 −Vdc/2 −Vdc/2 −Vdc/2 

V7(1,1,1) +Vdc/2 +Vdc/2 +Vdc/2 +Vdc/2 

Active 

voltage 

vector 

V1(1,0,0) +Vdc/2 −Vdc/2 −Vdc/2 −Vdc/6 

V2(1,1,0) +Vdc/2 +Vdc/2 −Vdc/2 +Vdc/6 

V3(0,1,0) −Vdc/2 +Vdc/2 −Vdc/2 −Vdc/6 

V4(0,1,1) −Vdc/2 +Vdc/2 +Vdc/2 +Vdc/6 

V5(0,0,1) −Vdc/2 −Vdc/2 +Vdc/2 −Vdc/6 

V6(1,0,1) +Vdc/2 −Vdc/2 +Vdc/2 +Vdc/6 

 

TABLE II 

SWITCHING PATTERNS FOR THE CSVPWM AND THE NEW 

AZSPWM 

SECTOR A1 A2 A3 A4 A5 A6 

CSVPWM 0127210 0327230 0347430 0547450 0567650 0167610 

NEW 

AZSPWM 
12421 1234321 13431 15451 1654561 16561 

 

power loss, the NSPWM is attractive for motor control. 

Nevertheless, because the NSPWM has a limitation on the 

voltage linearity range, it is not suitable for IDB systems that 

require variable torque control. Among the remaining 

RCMV-PWMs, the new AZSPWM reduces the CMV to 

Vdc/6 as is the case with other RCMV-PWMs. In addition, it 

has the lowest number of switchings. Furthermore, it has the 

full voltage linearity range. Thus, the new AZSPWM is the 

most appropriate choice to control the AC motors of IDB 

systems and to reduce both the CMV and switching power 

loss of the system. Therefore, it is expected that the new 

AZSPWM will improve the stability and reliability of IDB 

systems through an improvement of the fuel efficiency, heat 

performance and EMI performance. 

 

IV. CURRENT RIPPLE 

In each type of PWM, the utilized voltage vectors can 

synthesize the same reference voltage vector on average. 

However, there is an error voltage vector between the 

instantaneous applied voltage vector and the reference 

voltage vector. This error is said to be responsible for the 

ripple content in the load current [25], [26], which is different 

for each type of PWM [19], [21]. For a given reference 

voltage vector located in sector A1, the error voltage vectors 

and the trajectories of both the CSVPWM and the new 

AZSPWM are shown in Fig. 4. The current ripple is the same 

as the trajectory of the error volt-second vector [25], [26]. 

The d-q axes current ripple in the time domain are shown in 

Fig. 5. The value of the q-axis ripple at the switching instants 

is given in terms of Q1, Q2, Qz0, Qz1 and Qz4 while that of the 

d-axis ripple is given in terms of D1, Dz1 and Dz4. The 

quantities Q and D are as defined in (4) and (5), respectively. 
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(a)                         (b) 

Fig. 4. Error voltage vectors and their trajectory in the d-q axes: 

(a) CSVPWM; (b) New AZSPWM. 

 

 
(a)                      (b)      

Fig. 5. d-q axes current ripple in the time domain: (a) CSVPWM; 

(b) New AZSPWM. 
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From the equations, it is observed that the direction of the 

error voltages determine the slope of the current trajectory. It 

can also be seen that the dwell times of the voltage vectors 

determine the magnitude of the current ripple. 

In the new AZSPWM, opposite active voltage vectors (V1 

and V4) are applied for the same duration instead of zero 

voltage vectors (V0 and V7) when synthesizing the reference 

voltage vector. The error voltage vectors of V1 and V4 

increase the peak value of the d-q axes current ripple as 

shown in Fig. 5. Consequently, these ripple contents appear 

in the output phase current. From this analysis, it is expected 

that the ripple of the output phase current of the new 

AZSPWM is slightly greater than that of the CSVPWM. This 

can be seen from the following experimental results, where 

the harmonic contents are also discussed. 

 

V. EXPERIMENTAL RESULTS 

To verify the validity of the new AZSPWM and to 

compare it with the CSVPWM, experimental tests were  

 

Fig. 6. Hardware setup. 

 

 
Fig. 7. Block diagram of the vector control scheme. 

 

performed. A hardware setup of the experiment is shown in 

Fig. 6. The setup consists of a 12 V DC battery, a line 

impedance stabilization network (LISN), an IDB system (VSI, 

MCU (TRICORE277, INFINEON), G/D and a BLAC motor), 

a load motor, and a laptop. The BLAC motor used in this 

experiment has the following rated values: 1 kW, 2.74 N·m, 

8-pole and 1500 RPM along with the following parameters: 

Rs = 14.4 mΩ, Ld = 35 µH, Lq = 48 µH and J = 39.8 kgm
2
. 

During the test, the switching frequency was 20 kHz. The test 

was performed at TL = 0.15 N·m, TL = 1 N·m and TL = 2 N·m 

with 50 RPM to analyze the effects of the new AZSPWM on 

the output current and EMI level under a wide load torque 

range. The vector control scheme used in this test is shown in 

Fig. 7. Experimental waveforms were obtained using an 

oscilloscope (WAVERUNNER HRO 64Zi, LECROY) and 

an EMI receiver (ESPI7, ROHDE&SCHWARZ). 

Figs. 8 and 9 show experimental waveforms of the output 

current of phase-a according to the amplitude of the load 

torque, when applying the CSVPWM and the new AZSPWM, 

respectively. It is shown that for the new AZSPWM, the 

output current ripple is slightly higher than that of the 

CSVPWM under all load torque conditions. This is because 

the d-q axes current ripples by the instantaneous voltage error 

of the new AZSPWM are greater than those of the CSVPWM, 

as described in the previous section. Furthermore, it is 

observed that the peak value of the phase current increases in 

proportion to the amplitude of the load torque. In addition,  
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(a) 

 

(b) 

 
(c) 

Fig. 8. Experimental waveforms of the output phase current in 

the CSVPWM: (a) TL=0.15N·m; (b) TL=1N·m; (c) TL=2N·m. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 9. Experimental waveforms of the output phase current in 

the new AZSPWM: (a) TL=0.15N·m; (b) TL=1N·m; (c) TL= 2N·m. 

 

the peak value of the AZSPWM is slightly higher than that of 

the CSVPWM under all load torque conditions. This can also 

be an effect of the ripple contents. 

The FFT of the output current is discussed as a reference. 

The amplitude at the fundamental frequency (3.3 Hz) of the 

CSVPWM is slightly greater than that of the new AZSPWM. 

On the other hand, the amplitude at the switching frequency 

(20 kHz) of the new AZSPWM is greater than that of the 

CSVPWM. This is because the effects of the d-q axes current 

ripple contents (described in the previous section) mainly 

appeared at the switching frequency and there is no 

significant difference in the amplitude at double the switching 

frequency (40kHz). Both in the CSVPWM and the AZSPWM, 

the amplitude at the fundamental frequency increases in 

proportion to the amplitude of the load torque. However, 

increases in the amplitude at the switching frequency and the  

 

(a) 

 
(b) 

Fig. 10. Experimental waveforms of the CMV at TL=0.15N·m: (a) 

CSVPWM; (b) New AZSPWM. 

 

double switching frequency are relatively very small. 

Therefore, whenthe amplitude of the load torque increases, 

the ratio of the harmonic contents to the fundamental contents 

decreases. As a result, the effects of harmonics on a system 

can be considered negligible. 

Fig. 10 shows experimental waveforms of the CMV when 

applying the CSVPWM and the new AZSPWM. When the 

new AZSPWM is utilized, the peak value of the CMV is 

reduced from 6 V to 2 V, corresponding to 1/3 of that of the 

CSVPWM. Further, the number of steps of CMV is reduced. 

The new AZSPWM has a different number of steps of CMV 

depending on the sector. However, in this case, the number of 

steps is reduced from 6 to 2 when the reference voltage is 

synthesized once. It reduces the RMS value of the CMV and 

the number of pulses of the CMC, which reduces the RMS 

value of the CMC. Moreover, when the applied time of one 

of the two active vectors that form the switching patterns is 

considerably small in the CSVPWM algorithm, the dv/dt of 

the CMV can be rapidly increased, leading to an increase in 

the peak value of the CMC. However, in the new AZSPWM, 

since the CMV alternately rises and falls, there is no risk that 

the peak value of the CMC will increase. In the fixed DC 

voltage system, the peak value of the CMV is only dependent 

on the switching states (voltage vector) as defined in (3). 

Therefore, the new AZSPWM can always reduce the peak 

value of the CMV to 1/3 in all of the load torque regions. As 

a result, the new AZSPWM reduces the peak and RMS 

values of both the CMV and the CMC, leading to a reduction 

in the conducted EMI noise. 

The EMI test was also conducted to analyze the effect of 

the new AZSPWM on the EMI performance of an IDB 

system under a wide load torque range. A conducted emission 

test along power lines with respect to standard CISPR25 was 

applied to electronic/electrical components intended for use 

in vehicles. The conducted voltage (+) was measured by the 

voltage method. Figs. 11 and 12 show EMI test results 

according to the amplitude of the load torque when applying 

the CSVPWM and the new AZSPWM, respectively. In these 

figures, the blue lines represent the measured peak value and 

the red lines represent the peak limits set by CISPR25 class 4. 
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(a) 

 

(b) 

 

(c) 

Fig. 11. Measured waveform of the conducted EMI level in the 

CSVPWM: (a) TL=0.15N·m; (b) TL=1N·m; (c) TL=2N·m. 

 

 

(a) 

 

(b) 

 
(c) 

Fig. 12. Measured waveform of conducted EMI level in NEW 

AZSPWM: (a) TL=0.15N·m; (b) TL=1N·m; (c) TL=2N·m. 

In the case of TL = 0.15 N·m [Figs. 11(a) and 12(a)], it was 

observed that when the new AZSPWM was applied, in the 

500 kHz–15 MHz frequency range, the EMI level was 

reduced at least by 1 dBµV and by a maximum of 6 dBµV. 

However, when the CSVPWM was applied, only a small 

amount of fluctuation was observed in the other frequency 

ranges. Given that the new AZSPWM is a method to reduce 

CM noise by decreasing the peak value and the RMS value of 

the CMV and CMC, it can be considered that the effect of 

CM noise is predominate in the 500 kHz–15 MHz frequency 

range in the IDB system under the experimental conditions.  

When the amplitude of the load torque is increased from TL 

= 0.15 N·m to TL = 1 N·m [Figs. 11(a) and 11(b), Figs. 12(a) 

and 12(b)], the EMI level increased by a minimum of 1 dBuV 

and a maximum of 8 dBuV in almost all frequency ranges 

[100 kHz–30 MHz] in both the CSVPWM and the new 

AZSPWM, respectively. The variation was particularly 

pronounced in the 100 kHz–1 MHz and 10 MHz–30 MHz 

frequency ranges. This can be attributed to an increase in the 

DM and CM noise due to an increase in the output phase 

current. On the other hand, when the new AZSPWM was 

applied, the EMI level was reduced when compared with the 

CSVPWM, which is similar to the case of TL = 0.15 N·m 

[Figs. 11(b) and 12(b)]. Since the CM noise level reduction 

technique of the new AZSPWM mainly depends on Cp × 

dVcm/dt, it is possible to reduce similar amounts of EMI 

levels where CM noise predominates even though the 

amplitude of the load torque increases. 

When the amplitude of the load torque is increased from TL 

= 1 N·m to TL = 2 N·m [Figs. 11(b) and 11(c), Figs. 12(b) and 

12(c)], as in the previous case, the EMI level increased by a 

minimum of 1 dBµV and a maximum of 6 dBµV in almost 

all frequency ranges in both the CSVPWM and AZSPWM, 

respectively. Correspondingly, when the AZSPWM was applied, 

the EMI level where the CM noise predominates in this 

system is reduced to a maximum of 6 dBµV when compared 

to when the CSVPWM was applied [Figs. 11(c) and 12(c)]. 

In a IDB system under these experimental conditions, 

when the amplitude of the load torque increases, the EMI 

level tends to increase in almost all of the frequency ranges in 

both the CSVPWM and the new AZSPWM. However, an 

amount of the EMI level can always be reduced when the 

effect of CM noise predominates (500 kHz–15 MHz in this 

system) and the new AZSPWM is applied. At the same time, 

in all of the load torque regions, the measured values of the 

new AZSPWM were almost lower than the limits set by 

CISPR25 class 4. As a result, it is confirmed that the new 

AZSPWM is valid in all load torque regions. 

 

VI. CONCLUSION 

In this paper, the application of a new AZSPWM to an IDB 

system was described. The new AZSPWM improves the 
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stability and the reliability of the IDB system by suppressing 

the conducted EMI noise. From the analysis, it was 

confirmed that the new AZSPWM reduced CMV by one- 

third when compared with the CSVPWM. In addition, it had 

the lowest total switching number among the RCMV-PWMs 

with a full modulation index. Although the new AZSPWM 

increased the output current ripple (especially the harmonics 

at the switching frequency) by reducing the CMV, the effect 

of the harmonics on the system was negligible since the 

amplitude of the load torque increased. Through experimental 

results, it was verified that the new AZSPWM improved the 

performance of the conducted EMI within the full range of 

load torque when compared to the CSVPWM. This method is 

a valid solution for designing the EMI characteristics of an 

IDB system. 
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