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The traditional modulation method of the inverter in a permanent magnet synchronous
motor (PMSM) is lengthy and computationally intensive. Based on this, a simplified sinu-
soidal pulse width modulation method is proposed. In this method, voltage space vectors
in each sector are synthesized, and the sector in which the synthesized vector is located is
determined by the rotation angle of the resultant vector, and then the acting time of the
basic vector is calculated by the voltage difference of the phase voltage. The problem of
trigonometric functions and coordinate conversion is not involved in the whole calculation
process, the calculation model is simple, and it is easy to realize digitization. Mathematical
modeling is carried out by using the simulation software MATLAB, and the correctness of
the calculation method after optimization is verified, which provides an idea for the later
research of the inverter modulation method.
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1. Introduction

With the development of new energy vehicle technology, the performance of electric vehicles
continues to improve, battery and motor technology have made a great progress. PMSM (Per-
manent Magnet Synchronous Motor) has been widely used in electric vehicles. The inverter is
a key component in PMSM. Its working efficiency directly affects energy loss of the motor and
matching with other equipment (Fei and Shao, 2018; Hu et al., 2021). Its working output effi-
ciency depends on modulation method. In order to improve the control performance of PMSM
and enhance its working stability in electric vehicles, experts at home and abroad have con-
ducted necessary research on the control strategy of the PMSM inverter Blaschlk. A German
motor expert proposed the an inverter vector control strategy and added relevant self-applicable,
fuzzy and other control algorithms, which is a relatively advanced control method. There are
two main modulation methods of PMSM inverter in China, one is sinusoidal pulse width mod-
ulation (SPWM) and the other is space vector pulse width modulation (SVPWM). SPWM is a
modulation pulse mode. Its pulse width duty cycle outputs a sinusoidal waveform according to
the sinusoidal law, which is used to control the on-off state of switching devices in the inverter
circuit. It is a widely used inverter control mode, but it uses a coordinate system to calculate
the trigonometric function, and the algorithm and control program are complex. The SVPWM
method regards the inverter and the motor as a whole, and uses eight basic voltage vectors to
synthesize the desired voltage vector to establish the switching state of the inverter power de-
vice. It uses the orthogonal coordinate system for calculation, which is simpler than the SPWM
method. The SVPWM method can significantly reduce the harmonic of the inverter output cur-
rent, reduce the power loss, and has high voltage utilization. It is widely used in PMSM. Because
the calculation of the SVPWM method before optimization needs to repeatedly transform and
adjust the orthogonal coordinate system, and involves complex calculation of the trigonometric
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function, after the transformation of the orthogonal coordinate system, although the coordinate
adjustment problem is solved, the calculation of the trigonometric function is still very complex.
The SVPWM method without optimization is lengthy and has a large amount of calculation
(Wang et al., 2019; Zhao et al., 2019). In this paper, the SVPWM calculation method in the
PMSM inverter is optimized, the voltage space vector in each sector is synthesized. The sector
is judged by the rotation angle of the synthesized vector, and then the action time of the basic
vector is found. The optimized calculation model of the SVPWM method is simple and easy in
realizing digitization (Deng et al., 2018; Wu et al., 2018; Luo et al., 2019; Li et al., 2018).

2. The basic mathematical model of a permanent magnet synchronous motor

A permanent magnet synchronous motor is usually divided into a surface mounted permanent
magnet synchronous motor and an embedded permanent magnet synchronous motor. This pa-
per mainly studies the surface mounted permanent magnet synchronous motor. Therefore, the
permanent magnet synchronous motor mentioned later refers to the surface mounted perma-
nent magnet synchronous motor. This paper is based on the permanent magnet synchronous
motor. Therefore, we must first understand a mathematical model of the permanent magnet
synchronous motor. Here, we first introduce the mathematical model of it. The stator of the
permanent magnet synchronous motor has three-phase symmetrical windings of a, B and C,
the rotor is equipped with permanent magnets, and the stator and rotor are coupled through
air gap magnetic field. Due to the relative motion between the stator and rotor, the electromag-
netic relationship is very complex. In order to simplify the analysis, the following assumptions
are usually made:

• ignore the saturation effect of the iron core,
• ignore the winding leakage inductance of the motor,
• there is no damping winding on the rotor: the conductivity of permanent magnet material
is 0,

• regardless of eddy current and hysteresis loss, the magnetic circuit is considered to be
linear,

• the induced electromotive force of the stator phase winding is a sinusoidal wave, and the
current of the stator winding only produces a sinusoidal magnetic force in the air gap,
ignoring the high-order harmonic of the magnetic field (Zhao et al., 2019; Ke et al., 2019;
Cheng et al., 2019).

In the ABC coordinate system, the rotor of the permanent magnet synchronous motor is
not symmetrical in the electrical and magnetic structure. The equation of the motor is a set
of nonlinear time-varying equations related to the instantaneous position of the rotor, so the
analysis of its dynamic characteristics is very difficult in the α-β system. In the 0 coordinate
system, although the equation of the motor has been simplified after a linear transformation, the
flux linkage and voltage equations of the motor are still a set of nonlinear equations. Therefore,
the mathematical model of the motor in this coordinate system is generally not used in analysis
and control. The vector control technology in the d-q-0 coordinate system solves this problem
well, and changes the voltage and current into a direct flow, which simplifies the operation and
analysis (Shanthi et al., 2021; Petkar et al., 2020; Sun et al., 2019; Yu and Lu, 2019). In order
to further understand the three coordinate systems, they are combined together, as shown in
Fig. 1.

Through the above analysis, we can know that the d-q-0 coordinate system is mainly used
in motor control. This paper studies the d-q mathematical model of the permanent magnet syn-
chronous motor. Therefore, in the following we will focus on the analysis of the d-q-0 coordinate
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Fig. 1. Permanent magnet synchronous motor coordinate systems: A,B,C – stator three-phase static
coordinate system, α, β – stator two-phase static coordinate system, d, q – rotor two-phase coordinate
system, Us – stator voltage, Is – stator current, ψs – stator flux vector, ψf – rotor flux vector, θr – rotor

angular position, δ – torque angle

system. It is a coordinate system that rotates synchronously with the stator magnetic field. The
direction of F is consistent. The counterclockwise rotation direction of q axis is 90◦ ahead of the
electrical angle of d axis, and the counterclockwise direction is taken as the positive direction of
speed (Jin et al., 2020; Krzysztofiak et al., 2020; Zhang et al., 2008).
The stator voltage equations in the DQ axis coordinate system are

ud =
dψd
dt
+Rsid − ωrψq uq =

dψq
dt
+Rsiq + ωrψd (2.1)

Their matrix form is
[

ud
uq

]

=

[

Rs + pLd −weLq
weLd Rs + pLq

] [

id
iq

]

+

[

0
weψf

]

(2.2)

The stator flux equations are

ψd = ψf + Ldid ψq = Lqiq (2.3)

The electromagnetic torque equation is

Te =
3

2
p(ψdiq − ψqid) =

3

2
piq[ψf + (Ld − Lq)id] = Te1 + Te2 (2.4)

The first term is the electromagnetic torque generated by the interaction between the stator
current and permanent magnet excitation magnetic field, which is called the permanent magnet
torque. The second term is caused by the rotor salient effect, which is called the reluctance
torque. Because the surface mounted permanent magnet synchronous motor is used here, and
Ld = Lq, its electromagnetic torque equation can be expressed as

Te =
3

2
p(ψdiq − ψqid) =

3

2
piqψf (2.5)

The equation of motion is

J
dωm
dt
= Te − TL −Bωm (2.6)

The symbols denote: ud, uq – components of stator voltage, id, iq – components of stator cur-
rent, ψd, ψq – components of stator flux linkage, Ld, Lq – inductances of stator winding, ψf – flux
linkage generated by the rotor permanent magnet, Rs – resistance of stator winding, Te – elec-
tromagnetic torque, TL – load torque, J – moment of inertia, p – polar logarithm, ωr – electric
angular velocity, ωm – mechanical angular velocity, B – magnetic field intensity.
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3. Implementation principle of SPWM

SPWM uses the output sinusoidal signal as the modulation wave and the high-frequency triangu-
lar wave as the carrier wave to control the on and off state of the upper and lower switches of one
bridge arm of the inverter. If only the switch tube of the upper (lower) bridge arm is turned on
and off repeatedly within a half of the sinusoidal cycle, and the switch tube of the lower (upper)
bridge arm acts, it is called unipolar SPWM (Sun et al., 2019). If the switching tubes of the upper
and lower bridge arms are turned on and off alternately in the whole cycle, that is, the states of
up on and down off and up off and down on are switched repeatedly, it is called bipolar SPWM.
The schematic diagram of its implementation is shown in Fig. 2. It can be seen from the figure
that when the carrier wave intersects with the modulation wave, the switching action time and
switching on-off state of the bridge arm switching device of the inverter are determined by the
intersection, and a series of positive and negative rectangular pulse voltage waveforms with differ-
ent widths are obtained (Takahata et al., 2019). The pulse sequence is characterized by an equal
amplitude and unequal width, and its width changes according to the sinusoidal law. The theo-
retical basis of SPWM modulation is the principle of area equivalence, and the horizontal axis in
Fig. 2 represents time. Therefore, the theoretical basis of SPWM is actually the principle of time
average equivalence. When the number of pulses is enough, it can be considered that the funda-
mental amplitude and modulation amplitude of the inverter output voltage are equal (Wu et al.,
2019).

Fig. 2. Implementation of SPWM modulation

4. Simplification of the system model of PMSM

First of all, the three-phase stationary coordinate system of the three-phase current in the PMSM
should be transformed into a two-phase stationary coordinate system by a CLARK change. It is
then transformed into a two-phase rotating coordinate system by performing a PARK change.
In this way, the sector can be judged by the rotated argument, and the mathematical model of
the PMSM can be greatly simplified, as shown in Fig. 3.

The excitation component and torque component generated by the current flowing through
the stator in PMSM are decoupled by two transformations. The PMSM control unit adopts
the sensor signal feedback mode for double closed-loop control. In the control process, id = 0
is used to control the stator current vector to be located in the coordinate axis without other
components, so that all the current is used to generate the torque. A PI controller and PLL phase-
-locked loop lock locate the stator current. After the reverse Park transform (Park−1), v∗α, v

∗
β are

obtained, and then the SVPWM control strategy algorithm is optimized and the inverter is con-
trolled.
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Fig. 3. Diagram of the simplified PMSM electronic control unit

5. Optimization of SVPWM algorithm

5.1. Traditional SVPWM algorithm

The traditional SVPWM still uses the space vector method to calculate the voltage value.
As shown in Fig. 4, six voltages from U1 to U6 are calculated by the space vector method. Since
only U3 and U4 are in the coordinate axis α, the calculation is more convenient. The remaining
four voltages are distributed in the vector space and cannot be directly represented by the
α-β coordinate axis. They need to go through trigonometric operations, and the algorithm is
complicated.

Fig. 4. Voltage vector space distribution
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5.2. Optimization of the traditional SVPWM algorithm

First, as shown in Fig. 1, v∗α, v
∗
β are transformed by Park

−1 transform
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where three-phase voltage va, vb, vc is obtained through Park
−1 transform, which is converted

into three-phase sinusoidal voltage

va = Vm cos θ vb = Vm cos
(

θ − 2π
3

)

vc = Vm cos
(

θ +
2π

3

)

(5.2)

Among them, Vm is the highest value of the three-phase voltage.
Synthesize the va, vb, vc three-phase voltages into

∗ (space voltage vector), whose expression
is

vref = va + vb exp
(

j
2π

3

)

+ vc exp
(

−j2π
3

)

=
3

2
Vm exp(jωt) (5.3)

Then use the Euler formula to calculate Vm exp(jωt) in (5.3)

Vm exp(jωt) = Vm(cosωt+ j sinωt) (5.4)

where vref is the voltage vector obtained by rotating counterclockwise in space according to a
certain angular frequency ω. According to the geometric meaning of the complex number, its
amplitude remains unchanged, its absolute value is 3Vm/2, and its amplitude θ = ωt, indicating
that θ changes according to the angular frequency ω. Bring the value into Eqs. (5.3) and (5.4)
and input it to the simulation module. The waveform of output θ is shown in Fig. 5.

Fig. 5. Angle θ output waveform

Through the analysis of Fig. 5, it can be seen that the amplitude of vref changes with a
change of the argument angle θ, and the amplitude represents the position of vref . Generally,
the argument angle is taken between [−π, π] and the sector calculation of the space vector is
carried out in the way of 3θ/π rounding. The sector is defined as H, and its expression is

H =
3θ

π
+ 3 (5.5)
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Determine the corresponding relationship between H and sectors according to Eq. (5.5). As-
suming vref is in a sector, θ = π/4, bring it into Eq. (5.5), and round up the calculated value to
obtain H = 4. The corresponding relationship between the value of H and the sector is obtained
in turn, as shown in Table 1.

Table 1. Sector, H correspondence table

Sector
IV V VI I II III
IV V VI I II III

H 1 2 3 4 5 6

Fig. 6. Sector simulation waveform

According to Fig. 4, assuming vref is still at the position of the first sector, analyze the action
time of the voltage vector, which can be calculated by the principle of the volt-second balance

vref Ts = U4Tx + U6Ty (5.6)

Among them: Tx, Ty is the action time of the basic voltage vector, Ts – action cycle.

According to the sine principle

UB

sin
(

π
3 − θ

) =
UA
sin θ

=
|vref |
sin 2π3

(5.7)

Among them, UA = |U6|Ty/Ts, UB = |U4|Tx/Ts are calculated

Tx = mTs sin
(π

3
− θ
)

Ty = mTs sin θ (5.8)

and |U6| = |U4| = Vdc, the modulation ratio m = 2|vref |/Vdc
√
3.

Expand (5.8) to calculate

Tx =
|vref |Ts

(

cos θ − 1√
3
sin θ
)

Vdc
Ty =

|vref |Ts sin θ
Vdc

(5.9)

va minus vb to obtain

va − vb = |vref |
(

cos θ − 1√
3
sin θ
)

(5.10)
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Among them |vref | = 3Vm/2. From equation (5.10)

cos θ − 1√
3
sin θ =

1

vref
(va − vb) (5.11)

vb minus vc to obtain

vb − vc =
2√
3
|vref | sin θ (5.12)

Expand (5.12) to calculate

sin θ =

√
3

2|vref |
(vb − vc) (5.13)

Substituting formulas (5.11) and (5.13) into (5.9), one gets

Tx =
Ts(va − vb)

Vdc
Ty =

Ts(vb − vc)
Vdc

(5.14)

Through derivation of the above formula, it can be known that the magnitude relationship of
the three-phase voltage is va > vb > vc. From formula (5.14), it can be known that the basic
voltage vector action time of Tx, Ty is only related to the difference of the three-phase voltage,
and has nothing to do with other factors. Moreover, the basic voltage vector action time of
Tx, Ty only needs to perform addition and subtraction operations and does not need to perform
trigonometric operations. The overall calculation amount is reduced, and the calculation method
is greatly simplified.

No matter which sector position vref is in, its action time is only related to the three-phase
voltage difference. According to the above analysis, the acting time of the three upper bridge
arms in one action period are

Taon =
Ts − Tx − Ty

4
Tbon =

Ts − Tx − Ty
4

+
Tx
2

Tcon =
Ts − Tx − Ty

4
+
Tx
2
+
Ty
2

(5.15)

According to formula (5.15), the action time of the three bridge arms of any sector can be
calculated.

6. Simulation verification

Firstly, the mathematical modeling is carried out by using the simulation software MATLAB.
Set the parameters of PMSM, as shown in Table 2.

Table 2. PMSM parameter setting of the synchronous motor

Stator winding Stator d-axis Stator q-axis Motor moment of Number of
resistance [Ω] inductance [H] inductance [H] inertia [kgm2] poles

3.105 0.0075 0.0085 0.0002 4

Set the parameters of the voltage regulator and current regulator in PMSM, Kp = 0.392,
K1 = 16.01, Kp = 1.45, K1 = 120.1. Input the above parameters into the simulation software
until the PMSM runs stably, and the output stator current waveform is shown in Fig. 7.
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Fig. 7. Stator current waveform

Fig. 8. Stator d-axis current waveform

The current of the axis d is simulated, and the output waveform is shown in Fig. 8. According
to the analysis of the output waveform, the current of PMSM is unstable and fluctuates slightly
at the initial stage of operation. After the operation is stable, the current of the axis d is basically
zero, which is consistent with the i∗d value set in the theoretical analysis.

Set the operating torque of PMSM to 5Nm. Through the analysis of Fig. 9, after the PMSM
operates stably, the torque waveform changes little and is relatively stable.

Fig. 9. PMSM torque waveform
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Set the operating speed of PMSM to 750 r/min. Through the analysis of Fig. 10, after the
PMSM operates stably, the speed waveform changes slightly and is relatively stable.

Fig. 10. PMSM speed waveform

The optimized SVPWM algorithm is input into the simulation software to control PMSM.
The simulation results can be analyzed from Fig. 7 to Fig. 10. PMSM operates stably and has
a fast dynamic response. The optimized SVPWM algorithm is correct and applicable.

7. Experimental verification

The accuracy of the simulation results needs to be verified by experiments, and the PMSM
control experimental platform is built. The experimental platform mainly includes the permanent
magnet synchronous motor, oscilloscope, multimeter, drive circuit board, control circuit board,
PC, etc. for testing, as shown in Fig. 11. Among them, the input parameters of the permanent
magnet synchronous motor in the test have been given in “3 simulation verification”.

Fig. 11. PMSM test bench

The operating torque of the PMSM is set to 5Nm, and the output operating torque curve is
shown in Fig. 12. After the PMSM runs stably, the output torque waveform is stable, and the
waveforms are basically consistent with the simulation results.

Set the operating speed of PMSM to 3000 r/min, and the output operating speed curve is
shown in Fig. 13. After the PMSM operates stably, the speed waveform is relatively stable, which
is basically consistent with the simulation results.

Therefore, it can be determined that the simulation results are consistent with the experi-
mental results. The optimized SVPWM algorithm is correct and applicable, which can ensure
the stable operation and fast dynamic response of PMSM.
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Fig. 12. PMSM output torque waveform

Fig. 13. Output speed waveform of PMSM

8. Conclusion

PMSM is more and more widely used in electric vehicles, but the modulation method of its
inverter is difficult to realize because of complex factors such as synthetic vector rotation angle
and period. In this paper, SVPWM method is adopted, and its calculation method is optimized.
The sector where the vector is located is judged by the amplitude of the synthetic vector rota-
tion, and then the action time of the basic vector is calculated. The calculation model is simple
and easy to digitize. The mathematical modeling is carried out by using the simulation software
MATLAB to verify the correctness of the optimized calculation method, and the working perfor-
mance of the optimized PMSM is tested by building an experimental platform. The optimized
permanent magnet synchronous motor can well meet the requirements of low-speed high torque,
climbing high torque and high-speed stability of electric vehicles.
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