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Abstract

For dynamic mathematical model of permanent magnet synchronous motor (PMSM)
applied in electric vehicles, to reduce the ripple of the speed of electric vehicles in the
driving process and to improve anti-interference and fast tracking ability, control strategy
based on fuzzy and auto-disturbances-rejection was proposed. The fuzzy part of the
system instead of hysteresis comparator and selector switching table of the traditional
DTC control, reduces the flux and torque ripple and earns superior performance. The
active-disturbance-rejection (ADR) technology was applied to the speed controller to
compensate system perturbation on real-time. The simulation results show that the
controller based on fuzzy and active-disturbance-rejection have the advantages that flux
linkage and torque ripples are small, the speed tracking is faster and steady precision is
higher.
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1. Introduction

Along with the increasing seriousness of environmental pollution, energy conservation
and emissions reduction, the development of new energy has become the world's top
priority. Electric vehicle with its advantages of low noise, no pollution and zero
emissions, has become the development trend of modern cars. Electric vehicle with motor
control system is one of the key technologies of electric vehicles, which determines the
overall performance of electric vehicles. Because of the influence of vehicle use, the
electric car motor needs performances, such as overload capacity of strong, fast torque
response, wide speed range, high power density and low torque ripple. Compared with
DC motor, induction motor and switched reluctance motor, permanent magnet
synchronous motor is more suitable for the electric car motor drive system, and widely
used [1].

At present, the electric vehicle with permanent magnet synchronous motor control
system usually adopts direct torque control and vector control. Compared with the vector
control, direct torque control does not need complex vector transformation. There is no
current closed loop structure and PWM signal generator. Its control structure is simple,
and motor parameter influence is small. It can obtain better dynamic performance [2]. But
the traditional direct torque control employs hysteresis comparator and select switch table,
leading to large torque and flux ripple.

In this paper, the fuzzy control and the immunity control are applied to the
electric vehicle motor direct torque control system. The simulation results show that
the proposed method can suppress the torque ripple effectively. The system has the
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advantages of high control precision, fast response, and strong anti-interference
ability to improve the performance of the electric vehicle.

2. Permanent Magnet Synchronous Motor Model

In dynamic analysis of PMSM, we use the Park transformation by coordinating the
three phase system into two phase rotating d-g coordinate system generally. The
transformed dynamic equation is as follow:
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flux; L, L, is the d-q axes inductances;r is the stator resistance; «, is the rotor angular
velocity; ¢, is rotor flux; p is the number of poles; T, is the electromagnetic torque; T, is the
motor load torque; J is the moment of inertia; B is the viscous friction factor.

3. Direct Torgue Control of Permanent Magnet Synchronous Motor

Motor and inverter are considered as a whole in direct torque control. We use analysis
method about space vector and mode of stator magnetic field orientation to control static
flux and electromagnetic torque directly. Fig.1 shows diagram of motor flux.
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Figure 1. Motor Flux

According to the motor control theory, we can get non-salient pole permanent magnet
synchronous motor electromagnetic torque.
Torque equation from motor control theory is:

-2ty

5|¢,rsin5(2)Where, o, Is the stator flux; power angle s is the angle

betweeng_ande, . From (2), in the case of remaining stator flux amplitude, T, and its
change are related with power angle s and its change. In constitution of steady state,
remain load angles , the stator fluxe, and rotor fluxe, will be synchronous rotation. In
the case of dynamic, stator flux ¢ and ¢, rotate in different speeds, and power

angle s changes. Electrical time constant is much less than mechanical time constant. It is
easy to change the speed of the stator flux come to change the size of the Angle to control
the torque.
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Changing the speed of the stator flux ¢_ equates to choose different stator voltage

vector. DTC system operates under the two phase stator coordinate system.
Basic voltage vector is:

u, = i(ua cue” s ucej4%} (3)Where, u_ ,u, and u_ are Phase voltages of the three-

S

3
phase stator winding. The three-phase voltage inverter have a total of 8 voltage vectors,
including 6 operating voltage vectors and 2 zero voltage vectors (000), (111). Showed as
Figure 2, direct torque controller controls the rotation speed and direction of the stator
flux by selecting different voltage vector to control the size of the power angle to achieve
the purpose of control torque.
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Figure 2. Voltage Space Vector

4. The Design of Fuzzy Controller

Fuzzy control is an artificial intelligence control method which is based on expert
experience and reasoning judgment. It has good ability to control the nonlinear control
system. Fuzzy controller generally contains three parts: Fuzzification, Fuzzy Reasoning
and Defuzzification [11].

The inputs of the fuzzy controller are that: Torque errort , flux linkage error F , flux
position angleo , the output vectorv .7 And F fuzzy universe is [-2.5 2.5], Two fuzzy
variables are given 4 language values as [NB NS PS PB], In order to reduce the number
of fuzzy rules, according to equation (4), the stator flux linkage Angle should be mapped

from 2z to(-z/6,7/6)
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Where, o is the angle after be mapped.gj is the angle of stator flux linkage. Each

membership function of fuzzy variables is showed as Fig.3. The reasoning process of
fuzzy controller uses Mamdani algorithm, the defuzzification uses Max-min algorithm.
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Figure 3. Diagram of Fuzzy Membership Function
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5. Auto Disturbance Rejection Controller

5.1. The Basic Principle of ADRC

Active disturbance rejection control (ADRC) is a new nonlinear digital control
technology. (ADRC) is mainly composed of nonlinear tracking differentiator (TD),
extended state observer (ESO) and nonlinear state error feedback (NLSEF) [12]. In the
case of a first order system, TD used to arrange the transition process and realize input
signal fast tracking without overshoot. It can extract good differential signal. ESO
observes the state and the disturbance of system; NLSEF gets controlled guantity through
TD and ESO evaluates nonlinear combination of error. In the case of a first order system,
the structure is showed as Figure 4.

t .
vt i%» NLSEF ;(?TT»
+ —_

Figure 4. Diagram of ADRC Structure

Supposed First-order system is:

4[)’( = f(x,t)+bu(t)

ly=x

Where, x is measurable state, f (x,t) is disturbance, b is parameter,u (t) is System input.

First order nonlinear Tracking differentiator (TD) is:
(e, =v, —v(t)
|V, = -k, fal (&,,a,,8,)
Second-order extended state observer (ESO) is:
[e,=12,-V
Jz’l =z,-k,fal(e,,a,.8,)
{z’z = -k, fal (e,,a,,8,)

NLSEF nonlinear state error feedback control law is:

uy (t) = k, fal (‘93'0‘3’ 13,3)
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Where: v (t) is input signal, v is feedback signal, v, is transient process that TD
extracts v(t) ; y, is output signal of controlled object; z, is the state variable of
controlled object which is estimated real-time by ESO; z, is disturbing signal of
controlled object which is estimated real-time by ESO; e, is the error signal
betweenv, and z,; b, is compensation factor.

5.2. Design of Speed Control

In order to simplifying the controller and improving the dynamic performance of
system, the speed controller in this paper adopts first-order ADRC. The ADRC consists of
two parts, ESO and NLSEF, which TD is omitted.

The motion equation of permanent magnet synchronous motor is:

Bw

r

J

dw p
dor P 1)
dt J

Where, T, is load torque, J is rotational inertia, T, is electromagnetic torque, p is number
of pole-pairs, B is coefficient of viscosity, », is motor speed. According to ADRC

theory, pT, /3 andBw, /3 are taken as disturbance of system. Then formula (10) is written
as:

dw
dt
Where,b=p/3, f(t)=-pT/I -Bw, /I ,u=T,.
Because of the speed loop controller needs only first-order ADRC, so the ESO

and NLSEF are showed as equation (7) and (8). The structure of controller is
showed as Figure 5.
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Figure 5. The Structure of Speed Controller based on ADR

6. Simulation and Experimental Analysis

In Matlab/simulink, the model of permanent magnet synchronous motor direct
torque control based on the fuzzy and the immunity control is developed for
simulation, then we compare the result of the model with that of the traditional
direct torque control and fuzzy control. The test permanent magnet synchronous

motor with the data parameters: stator resistance R, =2.8750 ,L, =L =8.5e 'H ,

rotary inertia J = 0.0008kg -m*, Permanent magnet flux linkagey =0.175wb. The
damping coefficient of the motor F = 0, number of pole-pairs about motor p = 4, the
data parameters about Auto Disturbance Rejection
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K, =500, K, =5000 , b, =500 .

controller parameters are as follows: kK =0.2,K, =0.1.
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Figure 6. Diagram of Fuzzy and ADR Direct Torque Control System

The simulation conditions are: the given speed is 1000r/min , then adding
1N -m load at 0.03s, the models of traditional DTC and the DTC based on the fuzzy
and the immunity are studied in Matlab/Simulink. The diagrams about torque,
current, flux linkage are showed as Figure 7, Figure 8 and Figure 9. From these
figures, we can see that the ripple of waveform from traditional direct torque control
is large, that from new direct torque control which is added fuzzy and ADR control
is improved obvious. The ripples of torque, current, flux are reduced sharply.
Hysteresis comparator and selector switching table of the traditional DTC control
are instead of the fuzzy part of the system. According to the more precise fuzzy
inference, the system compensates magnetic torque on real-time.
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Figure 7. Diagram of Electromagnetic Torque Waveforms
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Figure 8. Diagram of Three-phase Current Waveforms
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Figure 9. Diagram of Flux Waveforms
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Figure 10. Waveform of Sudden Load Speed Changing

The climbing operation is illustrated in Figure 10. Simulation conditions: No-load
running with the initial speed 1000 r/min, then adding 2~ -m load at 0.03s which is
thought that the car encounters the resistance. The traditional DTC has obvious speed
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ripple, more the speed is change. The DTC added fuzzy and ADRC can see the tiny ripple
just when the figure is amplified, and it can return the given speed fast.

Speed changing operation is showed in Figurell. Initial velocity is 1000r/min.
The given speed is changed to 600r/min at 0.05s and changed to 1200r/min at 0.1s.
From Figure 11, we see that both algorithms can make the motor track the given
speed fast. After magnifying the Figure 11, we get that the system based on fuzzy
and ADRC tracks the speed faster and more exactly from Figure 12.
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Figure 11. Waveform of Speed Tracking
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Figure 12. Waveform of Speed Tracking Magnifying

7. Conclusion and Further Research

The PMSM DTC model based on fuzzy and ADRC is built in this paper and made
a simulation operation. The simulation results show that the controller based on
fuzzy and auto-disturbances-rejection have the advantages that magnetic chain,
torque ripple is small, the speed tracking fast and steady precision higher.

In the next step, we plan to improve the accuracy of the obtained flux and torque,
which plays a significant role in the PMSM DTC system.
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