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Abstract 
The permanent magnetic synchronous motor (PMSM) is widely used in many application 
scenarios, using Three-level inverter to drive permanent synchronous motors are more 
and more extensive. Due to the existence of trigonometric functions, traditional SVPWM 
in interval judgment and basic vector action time calculation is very complicated. This 
article has deeply analyzed the SVPWM technology and used SVPWM in 60° coordinate 
system to control permanent magnet synchronous motor system, reduced the 
complexity of the control system, and reduced the system uptime. The system was 
established by MATLAB/Simulink, and the simulation calculation was carried out to 
verify the method. 
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1. Introduction 
Permanent magnet synchronous motor is a kind of motor whose rotor is a permanent magnet, and has 
a strong ability to resist motor torque disturbance. The motor has a simple structure, good running 
stability, and small size, so it is widely used in electric vehicles and industry. In applications, vector 
control methods are often used for permanent magnet synchronous motor control. The traditional 
SVPWM algorithm uses a lot of trigonometric functions and complex sector judgment logic. This 
article uses SVPWM at 60° coordinates to avoid a large number of trigonometric functions when 
determining the sector and calculating the action time of the basic vector, and applied to PMSM 
control system. The model was established by MATLAB/Simulink and simulation tests were 
performed to verify the feasibility of the method. 

2. Mathematical model of permanent magnet synchronous motor 
The three-phase winding of the motor flows into a sinusoidal current, which generates a rotating 
magnetic field. The interaction between the rotor magnetic field and the stator magnetic field causes 
the motor to rotate. The d-q coordinate system is also called a rotating coordinate system. It is a 
coordinate system commonly used by motors. The rotor is parallel to the q axis, and the d axis is 
perpendicular to the q axis. The d-axis direction is also the magnetic flux direction. Ignoring the core 
magnetic saturation and loss, the mathematical model of a permanent magnet synchronous motor is 
as follows[1]: 
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In the formula: id, iq, ud, uq are the d-axis and q-axis current and voltage, respectively; Rf is the stator 
resistance; Ld, Lq are the d-axis and q-axis inductance respectively; ψf is the flux chain of the 
permanent magnet; ωe and ω are the electrical angular velocity and mechanical angular velocity of 
the rotor respectively; Te is the electromagnetic torque, TL is the load torque; J is the moment of inertia; 
Bf is the damping coefficient; Pn  is the number of pole pairs of the motor. 

3. Vector control principle in 60° coordinate system 
3.1 Topology of NPC three-level inverter 
Figure 1 shows the structure of a three-level inverter [2]. Three levels consist of three identical half-
bridge converters, with diodes used for level clamping. The DC side of each half-bridge NPC is 
connected in parallel, and the AC end is connected to the corresponding three-phase AC system. udc 
is the DC-side voltage. Each phase of the inverter can output three level states: udc/2, 0, -udc/2. The 
three levels are represented by P, O, and N, respectively. The inverter has three phases, and each 
phase will have three level states, so for the entire three-level inverter, there are 27 output states, 
including 19 different voltage vectors, contains 19 different voltage vectors. These vectors are called 
basic vectors and can be equivalently synthesized as a reference voltage vector. As shown in Figure 
2 [3-4], the basic voltage vector is divided into long vector, medium vector, short vector and zero 
vector according to the magnitude of the magnitude. 

 
Figure 1. Structure of NPC three-level inverter 

69 



 
 
International Core Journal of Engineering 
ISSN: 2414-1895 

Volume 6 Issue 2, 2020 
DOI: 10.6919/ICJE.202002_6(2).0010 

 
Figure 2. Three-level inverter space vector diagram 

3.2 Coordinate Transformation and Standard Transformation 
As shown in Figure 2, the entire space vector diagram is divided into six large sectors, and each large 
sector can be divided into six small sectors. Due to the symmetry of large sectors, a 60° non-
orthogonal coordinate system can be directly used to perform interval judgment and calculate the 
basic vector action time. In the traditional algorithm modulation, the three-phase sinusoidal reference 
voltage is transformed into the α-β coordinate system through Park transform and Cark transform [5]. 
In the 60° coordinate system, it is defined that the g-axis coincides with the α-axis in the α-β 
coordinate system, and the h-axis can be obtained by rotating the α-axis in reverse of 60°, so that the 
g-axis is the horizontal axis and the h-axis is the vertical axis 60° coordinate system. 
Model of α-β coordinate system transformed into g-h coordinate system: 
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In the formula, Va, Vb, and Vc are three-phase voltages of the inverter, and Vg and Vh are coordinate 
values on the g-h coordinate system that undergoes coordinate changes. The magnitude of the small 
vector is udc/3,Normalize by using the magnitude of the small vector, and divide the coordinate value 
by udc/3 to obtain the normalized coordinate values Vg*, Vh*. Vector diagram of space in 60° 
coordinate system, as shown in Figure 3 [6-9]. 

 
Figure 3. Vector diagram of space in 60° coordinate system 
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3.3 Large sector judgment 
As shown in Figure 3, the entire space vector diagram is divided into six large sectors, A to F. Similar 
to the orthogonal coordinate axis, the interval logical judgment in the 60° coordinate system is also 
processed by the coordinate value of the reference vector. In the non-orthogonal coordinate system, 
the coordinate values of the base vectors are all integers, and the calculation is quite simple. However, 
the 60° coordinate system is different from the 90° coordinate system. Vg* <0, Vh *>0 will occur in 
the large sectors of B and C. Therefore, an additional auxiliary line "g+h=0" is needed for judgment. 
Then when Vg*+Vh * > 0, it is located in sector B; when Vg*+Vh *<0 <0, it is located in sector C. 
The logic judgment rules for the interval where the reference vector is located are shown in Table 1. 
Among them, Vg* and Vh * are the abscissa and ordinate of a given vector after the standard 
transformation. 

Table 1. Large range logical judgment table 

N Vg* Vh* Vg*+Vh* 

A >0 >0  

B <0 >0 >0 

C <0 >0 <0 

D <0 <0  

E >0 <0 <0 

F >0 <0 >0 

3.4 Sector rotation 
In the 60° coordinate system, the entire space vector voltage map is divided into six large sectors, 
each large sector is 60°. There are six small sectors in the large sector, and the division rules are 
consistent, so it has symmetry. When the reference vector falls in the Nth large sector, the sector can 
be rotated (N-1) by 60° to perform a uniform process. After consistent processing, the reference 
vectors of other large sectors can be rotated to sector A for simplified operations, and the coordinate 
model is rotated: 
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3.5 Small sector judgment 
After the large sections are converted to the A sector, only the position of the reference vector in the 
A sector needs to be determined. A large sector is divided into six small sectors, as shown in Figure 
4. 

 
Figure 4.  Schematic diagram of small sector division of sector A 
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When judging the small sector to which the reference vector belongs, two auxiliary lines "g+h=1,g-
h=0" need to be added to help the judgment. Referring to FIG. 4, the logical judgment of the small 
sector can be obtained as shown in Table 2. 

Table 2.  Small sector judgment table 

n Vg* Vh* Vg*+Vh* Vg*-Vh* 

1 <1 <1 <1 >0 

2 <1 <1 <1 <0 

3 <1 <1 >1 >0 

4 <1 <1 >1 <0 

5 >1 <1   

6 <1 >1   

3.6 Basic vector action time 
After determining the small sector where the reference vector is located, the basic vector Vref 

participating in the synthesis is determined. As shown in FIG. 4, the reference vector Vref is 
represented by Vg*, Vh* coordinate values, and three nearby basic vectors can be equivalently 
synthesized. If the reference vector is in the small sector 5, it can be synthesized using the basic 
vectors V1, V7, and V13. According to the principle of volt-second balance, the action time of these 
basic vectors can be calculated. Calculated according to the following relationship: 
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Solving the simultaneous equations above, the voltage vector action time is obtained; 
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In the same way, the basic vector action time of each cell can be calculated. The working time of the 
basic vector of each small sector is shown in Table 3. 

Table 3.  Basic vector action schedule of each small sector 

n T1 T2 T3 

1,2 *
gsVT  

*
hsVT  )( **

hgss VVTT +−  

3,4 *
hss VTT −  

*- gss VTT  shgs TVVT −+ )( **

 

5 )(2 **
hgss VVTT +−  

*
hsVT  sgs TVT −*

 

6 )(2 **
hgss VVTT +−  

*
gsVT  shs TVT −*

 
It can be known from the above logical operation table and model diagram that the sector judgment 
and calculation of the basic vector action time in the 60° coordinate system are very simple. The 
traditional SVPWM algorithm needs to use a large number of trigonometric functions, and the 
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SVPWM algorithm in the 60° coordinate system can be implemented using only adders and 
multipliers, which improves the running speed and reduces the cost in the application. 
After the above analysis, the simulation model of SVPWM in 60° coordinate system is shown in 
Figure 5. 

 
Figure 5. SVPWM simulation model of 60° coordinate system 

4. Vector control of permanent magnet synchronous motor 
4.1 Double closed loop control system 
At present, there are many methods for vector control of motors. The control method with id=0 is the 
most commonly used and it is also the simplest and most effective [10]. Under this control method, 
the stator current acts on the q-axis, the larger q-axis current and the torque is more lager, and the 
response speed of the torque follows the current response speed.Therefore, when the electromagnetic 
torque is determined, the stator current passed is also determined, so unnecessary stator copper loss 
can be reduced, and the efficiency can be improved; In the control system, the symmetrical three-
phase current is sinusoidal by detecting the rotor pole position as the control reference The waves 
form a smooth rotating magnetic field, and the stator current vector can be controlled on the q axis. 
The schematic diagram of the permanent magnet synchronous motor vector control system is shown 
in Figure 6. 

 
Figure 6. Schematic diagram of vector control system for PMSM 

4.2 Controller PI setting 
This system is a double closed-loop control system, which includes a speed loop and a current loop. 
The double closed-loop uses a traditional PI regulator. When designing the parameters of the speed 
loop, according to the expected bandwidth β of the speed loop, the active damping coefficient Bm  
can be introduced. 
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The expression of the speed loop controller is 
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The parameters of the speed loop PI regulator can be set by the following formula: 
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The current loop contains feed forward decoupling control, the expression is: 
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Among them iq*, id*,Vd*, Vq*, ω* are reference signals. According to the method in [11], a parameter 
design strategy is provided, which greatly reduces the difficulty of parameter adjustment. The time 
parameter of the current loop is τ=min {Ld/Rf,Lq/Rf}, and the expected bandwidth of the current loop 
is α=2π/τ, The PI regulator parameter expression of the current loop is as follows. 
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5. System Simulation 
In order to verify the correctness of the space vector control in the non-orthogonal coordinate system, 
a double closed-loop speed vector control system of speed was set up in MATLAB / Simulink for 
simulation experiments, as shown in Figure 7 [12-15]. The main parameters of the motor are shown 
in Table 4. 

Table 4.  Motor main parameters 

The main parameters Value 

Rf 0.958Ω 

Ψf 0.1827Wb 

Ld 5.25mH 

Lq 12mH 

J 0.003Kg.m2 

Bf 0.008N·m·s 

Pn 4 
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Figure 7. Simulation model of vector control system for PMSM 

Inverter DC side voltage Udc is 311V, and the sampling period of SVPWM is Ts = 0.0002s. According 
to the motor parameters, α=1100rad/s can be calculated. With the formula (10), the PI regulator 
parameters can be calculated, Kpd=5.775,Kid=Kiq=105.38, Kpq=13.2. Set the bandwidth of speed loop 
β=50rad/s, according to formula (6) and formula (8), we can calculate Bm = 0.013, Kpω = 0.14, Kiω = 
7. The motor starts at no load. The set reference speed is 1000r/min. The load torque becomes 10N·m 
at 0.2 seconds, and the simulation time is 0.4 seconds. 
The three-phase load current output by the voltage reference vector after 60° coordinate system vector 
space modulation is shown in Figure 8. 

 
Figure 8.  Three-phase load current 

    
Figure 9. (a)                            Figure 9. (b)    

Figure 9.(a) Torque waveform diagram in 60° coordinate system 
Figure 9.(b) Waveform of rotation speed in 60° coordinate system 
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Figure 10. (a)                            Figure 10. (b) 

Figure 10.(a) Torque waveform diagram of traditional SVPWM algorithm 
Figure 10.(b) Speed waveform of traditional SVPWM algorithm 

Figures 9 are the torque waveform and speed waveforms of the motor, respectively. It can be seen 
from the simulation results that the torque and speed respond quickly, and after entering the steady 
state, the waveform is relatively stable. On this basis, the feasibility and good performance of the 
SVPWM control system in non-orthogonal coordinate system are verified. At the same time, when 
the external regulator parameters are unchanged, the control system using the traditional SVPWM 
algorithm is compared. Figure 10 are the torque waveform diagram and speed waveform diagram of 
the traditional algorithm, respectively. 
According to the comparison, in the torque waveform diagram, the 60° coordinate system is more 
stable in steady state compared with the traditional algorithm. Some other parameters are listed in 
Table 5. 

Table 5.  Comparative Results 

 Traditional SVPWM 60 ° coordinate 

Torque adjustment time at startup 0.05s 0.04s 

Speed adjustment time at startup 0.07s 0.07s 

Speed overshoot during startup 21% 21% 

Torque adjustment time at 0.2s 0.05s 0.05s 

Torque overshoot at 0.2s 27% 25% 

Speed adjustment time at 0.2s 0.03s 0.04s 

Speed overshoot at 0.2s 5.9% 6.8% 

Actual running time 14.64s 4.19s 

According to the analysis of the above table, it can be known that in the 60° coordinate system, the 
performance indicators such as the adjustment time and overshoot amount of the system at no-load 
startup and torque conversion not only meet the standards of traditional algorithms, but also simplify 
the algorithm. With the same simulation parameter settings, the actual running time is reduced by 
two-thirds. In the application, the operating memory can be reduced and the running time can be 
reduced. 

6. Conclusion 
This paper analyzes the principle of a diode-clamped three-level inverter, discusses the vector control 
of a permanent magnet synchronous motor, and uses the space vector modulation method in a 60° 
coordinate system for the vector control system of a permanent magnet synchronous motor. The 
feasibility of SVPWM driving permanent magnet synchronous motor in 60° coordinate system was 
verified by Matlab / Simulink simulation. The control method of this scheme does not include 
complex trigonometric function calculations, has fast calculation speed and good dynamic 
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performance, and provides a scheme for the application and development of permanent magnet 
synchronous motors. 
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