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Abstract:

It’s necessary for engineers and designers to get a low-cost and reliable permanent magnet
synchronous motor control platform, so a permanent magnet synchronous motor sensorless servo
control platform based on TI's low-cost DSP chip TMS320F2812 is designed in this paper. In the
aspect of hardware, the design of various signal acquisition circuits and motor drive circuits are
introduced in detail. At the same time, special attention is paid to the isolation of strong and weak
current and the protection measures of intelligent power module. In the aspect of software, taking
Model Reference Adaptive System approach as the core, the relationships and implementation
methods of AD adoption, stator volotage calculation, CLARK Transform, estimation of flux linkage
and torque, speed estimation are introduced. At the end of the paper, three experiments are carried out:
PWM wave generation, position and speed estimation signal verification and system closed-loop. The
experimental results verify that the designed control platform has strong control function, stable
working performance, low cost because of abandoning speed/position sensor such as encoder. A wide
application prospect can be expected.

Keywords: Low cost, High reliability, Permanent Magnet Synchronous Motor, Sensorless.

I. INTRODUCTION
With the development of microcomputer technology, sensor technology and motor controltheory, the
research and popularization of Permanent Magnet Synchronous Motor (PMSM) control system has

received widespread attention'*?. PMSM has gradually become a commonly used servo motor in
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industrial control field due to its advantages of high precision, high reliability and wide speed regulation
range®. In the high-performance control system of servo motor, high-precision rotor speed and
position sensor is usually used as the feedback element of rotor speed and position signal. The use of the
sensor increases the cost of the system and probability of failure. In order to overcome these problems
caused by speed and position sensor, sensorless technology of servo motor drive has attracted great
interest in recent years. Many sensorless control methods have been proposed in the literature of
PMSMI2,

References [8] proposed a sensorless control technology of PMSM based on rotor flux orientation.
The disadvantage of this method is that DC offset will lead to flux measurement error and affect rotor
speed estimation. In addition, this method has good performance at rated speed, but it is not suitable for
low-speed and zero speed operation.

Many researchers use the extended Kalman fifilter (EKF) technique to estimate the speed and the
rotor position of the PMSM. Some authors use the dynamic model of the PMSM in d—q axis in the
synchronous reference frame fifixed to the rotor’®* and others use the PMSM model in the a —B axis
in the stationary reference frame fifixed to the stator 2. It is well known that the method of EKF is not
sensitive to unknown measurement noise. At the same time, there are multiple matrix operations in EKF
algorithm, which still needs a long time to calculate these matrices. Accurary of the previous methods of
estimating the rotor position of PMSM is affected by motor parameters. To overcome this problem,
References [13,14] proposed a robust solution for rotor position estimation of PMSM based on sliding
mode observer (SMO). SMO uses the estimated speed to update the estimated stator current in the
sliding mode surface. Other methods are based on high carrier-frequency injection (CFI) technology
where the signal is superimposed onto the fundamental phase voltages™ ™. In most cases, the injected
signal is a sinusoidal voltage. Therefore, this may lead to noise, motor current distortion, torque
pulsation and large harmonic loss. The last techniques for sensorless PMSM are based on MRAS
approacht®% Instantaneous reactive power is used for rotor speed estimation in references™® 2%, The
advantage of this method is that the stator resistance is independent and less sensitive to the parameters
of PMSM. But these observers mostly depend on motor parameters which vary with temperature. In
order to overcome this problem, an on-line parameter identification method using adaptive algorithm is
proposed in [21]. The author uses stator current for non-salient PMSM to estimate rotor speed and
position based on MRAS adaptive strategy in [22-23].

In addition to the speed and position sensors, the economy of a permanent magnet motor servo
control system also depends on its implementation method. In order to verify the accuracy of proposed
algorithm some researchers using dSPACE to connect with PC*?®1 which can easily compile
simulation software such as MATLAB and present the actual operation results of the algorithm designed
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in the simulation software in hardware, but the high price of dSPACE is difficult for most researchers to
accept. Other researchers mentioned in their research results™”’? that some DSP chips or other
microprocessors were used to build the software and hardware platform in the verification process, but
did not give the specific design and construction process, which has limited reference value for
production and practitioners.

By comparing the methods proposed in the previous literature, we can note that MRAS technology is
one of the best methods for estimating rotor speed and position due to its performance in term of
requires less calculation time, to its easy implementation in DSP, and to its straight forward stability
approacht™™. In addition, MRAS technology has been widely used in the joint estimation of stator
resistance and rotor speed of PMSM. The most attractive element is that MRAS Speed estimator is
simple in design. This is the most significant advantage of MRAS over other speed observers and is
recommended for low-cost applications. Based on a low-cost DSP chip TMS320F2812 as the core, this
paper introduces the design of hardware platform and software in detail. On the premise of fully
considering the reliability and safety of the system, the current and voltage detection circuit and motor
drive circuit are designed. At the same time, in order to evaluate the speed and rotor position estimation
results of speed observer, a speed sensor detection circuit using high-precision photoelectric encoder will
also be introduced in detail in this paper; In terms of software, the direct torque control technology is
used as the framework, the speed sensorless technology adopts MRAS approach, and the pulse width
modulation wave generated by SVPWM.

The organization structure of this paper is as follows: the second section introduces the hardware
design process of PMSM controller, including control object, various detection circuits and driving
circuits; The third section introduces the design process of PMSM controller DSP software, including
the overall design process of the software, the design of program initialization and the design of
underflow interrupt service program; The fourth section is the experimental verification of the designed
control platform.

I1. PMSM CONTROLLER HARDWARE DESIGN
2.1 Hardware Platform and Controlled Object
The hardware platform of PMSM DTC system mainly consists of driving circuit (including inverter

circuit), signal detection circuit, central processing unit and experimental motor (control object). The
overall block diagram of the hardware platform is shown in Fig 1.
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Fig 1: overall block diagram of hardware platform

Three-phase alternating current is input into intelligent power module (IPM) through three-phase
rectifier circuit and filter circuit. The IPM is powered by four groups of isolated 15V power supplies (the
isolation voltage needs to reach 1000V). At the same time, IPM can generate high-temperature and over
voltage signals, which can be input into PDPINT port of DSP through conditioning circuit to protect
IPM. Under the control of 6-channel PWM signals output by DSP, IPM generates three-phase electricity
(A,B,C) transmitted to PMSM. The platform can collect A and B phase currents and bus voltage values
and input them into DSP analog-to-digital converter (ADC) to form a feedback circuit. In order to
facilitate the comparison with theestimated speed and position, the platform uses the encoder to measure
the actual position and speed of the motor.

The servo controller is designed for the 600W AC permanent magnet synchronous servo motor

produced by Fujian Mindong Yanan motor group, which is a surface mounted permanent magnet
synchronous motor. The specific technical parameters are shown in TABLE I.

TABLE I. Technical parameters of motor

Rated torque Bus voltage Rated speed Stator resistance
(Ten) (Uge) () (Rs)
3Nm 300V 3000rpm 3.6Q
Rated Power Rated current Rotor flux linkage Polar logarithm
I:)n (Tf) (p)
600W 2.5A 0.1827Whb 4
Moment of Viscosity Maximum output Electrical time
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inertia coefficient torque constant
Q) (F) (TLm)
0.00031kg.m” 0.0003035N.m.s 6Nm 2.3ms
Self inductance Self inductance
of d-axis of g-axis
(L) (L)
8.23mH 8.23mH

2.2 Signal Detection Circuit

Stator current and terminal voltage, which are necessary quantities for motor stator flux estimation in
reference model adaptive algorithm, are collected by signal acquisition circuits, and their accuracy
directly affects the performance of PMSM direct torque control system. TMS320F2812 internally
integrates a 12-bit resolution analog-to-digital converter (ADC) with pipeline structure. There are 16
sampling channels in this chip, which are divided into two groups: ADCINAO~ADCINA7 and
ADCINBO~ ADCINBY. It is considered that the three- phase current of the motor is balanced, Therefore,
two current signals and one voltage signal can be collected into the ADC of DSP, and take ADCINAO,
ADCINAL and ADCINAZ2 as three AD channels to collect A phase current I,, B phase current I, and bus
voltage Ugc respectively.

The QEP function of TMS320F2812 and CAP3 capture interrupt can be used to accurately measure
the actual speed and position of the motor.

2.2.1 Current detection circuit

As shown in Fig 2, the current detection circuit uses LA55-P as the current sensor, produced by LEM,
to detect the currents of phase A and phase B in real time. LA55-P is a high-precision current sensor,
which can collect the maximum current of £50A under £15V power supply, the maximum output sample
current is £50mA, and the sampling error at room temperature is 0.9%, and the linear error is less than
0.15%.
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Fig 2: Current detection circuit

Assuming that the input current is ;A and the output voltage is UgV (the voltage input into DSP),
analyze the circuit shown in Fig 2:

When the input current is 50A, the output current of LA55-P is 50mA, and the linearity of LA55-P is
very good, so when the input current is I;(-30~30)A, the output current of LA55-P is mA. As the rated
current of the controlled object is 2.5A (as shown in TABLE I), the maximum absolute value of the
stator current will not exceed 30A, and R; is set to 100Q. As shown in Fig 2, the input voltage of the
third pin of LM324 is (1;/10) V. After passing through the voltage follower,The output voltage of pin 1 is
still (1;/10) V, and the output voltage of pin 7 is 3.3V. If LM324 is regarded as an ideal operational
amplifier, pin 10 and pin 9 are virtual short, then the voltage of pin 10 (Uyg) is 0V, and the analysis
amplifier U2C can get the output Us:

33+1.
U8: 20 : (1)

Therefore, the input-output relationship as shown in formula (2) can be obtained:

0 Y )

Two zener diodes(1N4148) can keep the Uy between 0 and 3.3V. Therefore, this circuit can adjust
the input current of -30A-30A to the voltage of 0~ 3V and input this voltage to the ADC of DSP to
ensure the normal operation of DSP chip.

2.2.2 Bus voltage detection circuit

The motor terminal voltage is obtained by reconstructing the DC bus voltage and the IGBT
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switching state in IPM. Therefore, if the IGBT switch state is known, only DC bus voltage is needed to
obtain the motor terminal voltage.

LV25-P of LEM company is used to detect bus voltage. LV25-P can measure the voltage in the
range of 10-500V under +15V power supply. The maximum absolute value of input current cannot
exceed 10mA. When the input current is 10mA, LV25-P outputs 25mA current. At room temperature,
the sampling error is £0.8%, and the linear error is less than 0.2%. The circuit is shown in Fig 3.

v
NS INGTK

i
ok
J P

Voltage w0 be measured

Fig 3: Bus voltage detection circuit

Selection of RI: LV25-P is to measure the input voltage by measuring the input current. The rated
bus voltage of PMSM controlled in this paper is 300V, so the maximum voltage measured by the sensor
can be set as 400V, that is, when the input voltage is 400V, the input current of LV25-P is 10mA.
Therefore, 40K/15W resistor is selected, but 5W resistor is difficult to obtain. Two 20K/12.5W resistors
can be connected in series to form R1.

It can be seen from Fig 3 that the measured resistance is 1202, assuming that the amplifier OPQ7 is
an ideal operational amplifier, at this time, if the input voltage is 400V, the LV25-P will output 25mA
current. Since the input current of the ideal operational amplifier is almost zero, the input voltage of the
third pin of OPO7 is 3V, that is, the output voltage is 3V. According to the above analysis, it can be seen
that the voltage to be measured from 0 to 400V should be linear corresponding to 0-3V at the ADC input
of DSP, it not only ensures the correctness of voltage measurement, but also ensures the normal
operation of DSP chip.

2.2.3 Encoder signal conditioning circuit for comparison

In order to obtain the actual motor speed conveniently, the photoelectric encoder, produced by
Changchun Yuheng optics Co., Ltd., can be used to measure the speed and rotor position. It’s a high
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precision encoder with 2500 yard wire/coil. This encoder have 15wires: A+, A-, B+, B-, Z+, Z-, U+, U-,
V+, V-, W+, W-, +5V, 0V and a shielded wire. Phase A and phase B are two orthogonal differential
pulse signals, and phase Z is a zero position differential pulse signal, U, V and W are three initial
position differential pulse signals with phase difference of 120° respectively.

Since the power supply of encoder should be 5V, and its pulse output is also 5V, its signal can not be
directly input into DSP for signal processing. So a signal conditioning circuit is needed to make the
output pulse signals can be input into DSP and recognized by DSP chip. At the same time, it is noted
that the attributes of these six signals are the same, so their conditioning circuits are the same, the

following is an example of A-phase signal conditioning circuit. The schematic diagram of the signal
conditioning circuit is shown in Fig 4.
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Fig 4: Circuit of encoder signal conditioning
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The modulated signal of A phase is input to DSP CAP1, B phase input CAP2, Z phase input CAP3.

2.3 Motor drive circuits

The driving circuit adopts AC-DC-AC structure. In the inverter part, IPM is used, which integrates
the driving circuit, the protection circuit and the power switch.

After comprehensively considering the performance, price and the matching of various parameters,
the PM50RLAG0 of Mitsubishi company is selected as the IPM for the platform. The maximum passing
current of the IPM is 50A and the withstand voltage is 600V. The parameters of the IPM can refer to the
data manual®®. The internal structure of PM50RLAG60 is shown in Fig 5.

The above-mentioned four groups of 15V power supply with 1000V+ isolation voltage can be
supplied by Mitsubishi M57140-01, and its input voltage is 20VDC, which can output four groups of

+15V voltage with 1000V + isolated voltage, meets the requirements of IPM power supply. The circuit is
shown in Fig 6.
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Fig 5: Internal structure diagram of PM50RLA60
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Fig 6: Drive power circuit of IPM

The PWM signal received by IPM generally adopts optocoupler driving circuit. The input of driving
circuit is isolated from the control circuit by optocoupler, and an optocoupler with ideal switching speed
is needed to avoid the influence on the driving performance. At the same time, in order to ensure that
after passing through the optocoupler driving circuit, the isolation voltage of four groups of voltage for
IPM is still kept 1000V+. It is recommended that HCP14504, produced by Agilent, be used. The
isolation voltage is 1500V and the switching speed is less than 0.5us; Taking PWML1 as an example, the
driving circuit is shown in Fig 7.

AL5V+

HCPL4504

NC vee

510
1

8

2 7 47K

PWM1 5V 3 6 up

104

4 5

ATSV-

Fig 7: Optocoupler driving circuit

As shown in Fig 7 , the input voltage of the optocoupler driving circuit is 5V, and a certain driving
current is required, which is not achieved by the PWM signal output of TMS320F2812, so in order to
ensure the normal operation of IPM, 6N137 and 74HC245 are needed to form a signal isolation and
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amplification circuit to isolate and amplify signals, its circuit is shown in Fig 8.
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Fig 8: PWM signal isolation amplification circuit

IPM has the function of high temperature and over-voltage protection. When the temperature of IPM
is too high or over-voltage occurs, a fault signal will be generated to "notify" the DSP chip's PDPINTA
interface to make the output port in high resistance state to achieve the purpose of protecting IPM. The
common optocoupler PC817 can be used to transmit the fault signal, which has 4 channels in total, the
fault signals generated by them pass through monostable multivibrator 74HC21 and inverter 74HC04,
and then input to the PDPINTA port of DSP through optocoupler PC817. The circuit is shown in Fig 9.
At the same time, it is considered that PWM1 and PWM2, PWM3 and PWM4, PWM5 and PWM6 may
not be reversed in the test process, in order to prevent the over temperature of IPM caused by this
situation too frequently, three fault signals (PWM signal fault) are added to the fault circuit of the drive
circuit. The signal is input to the monostable multivibrator 74HC21 shown in Fig 9 after passing through
Schmidt trigger 74HC32. As long as any one of the seven channels produces fault signal, DSP will start
fault protection measures to protect IPM.
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111 SOFTWARE DESIGN OF PMSM DIRECT TORQUE CONTROL SYSTEM
3.1 Overall Framework of PMSM Direct Torque Control System Software

The overall framework of PMSM direct torque control system software is shown in Fig 10.

Interrupt Variable Interrupt
Address Definition < Address >

v v v
Cap3 Interrupt - T1 UnderfIO\_N
Service Function Iitialization | Main Inte::rur)tfervwe
Definition | Eynction unction

v 4 v
< Interrupt > < Interrupt >
Return Endless Loop Waiting for Interrupt Return

Fig 10: Overall software architecture diagram of PMSM direct torque control system

The software part of the system is mainly composed of variable definition, initialization program,
main program and two interrupt programs. The main functions of the main program are initialize the
system parameters, initialize the PIE interrupt controller, initialize the PIE interrupt vector table, call
other initialization programs, open corresponding interrupts and wait for interrupts in an endless loop.
The initialization program mainly includes PWM initialization, QEP initialization and ADC
initialization. They mainly define the functions of each pin, enable various interrupts, and write
corresponding control registers as needed. The two interrupt programs include T1 underflow interrupt
and capture interrupt of capture 3(CAP3), complete the realization of PMSM sensorless direct torque
control strategy and the function of motor position correction respectively. The initialization program
and interrupt program are the core of the whole software system.

3.2 System Initialization Program

The definition of initialization program is directly related to the normal operation of the system, and
it is an important design of PMSM direct torque control system software.

Analog-to-digital converter (ADC) initialization: ADCINAO, ADCINAI and ADCINA2 are defined
as three AD sampling channels, and the ADC sampling is triggered by T1 underflow.

The main part of the direct torque control program is realized by T1 underflow interrupt service
program, and ADC is also triggered by T1 underflow. In this way, the direct torque control program can
make use of the voltage and current values in real time to make a series of calculations to generate
appropriate IGBT switching time and compare with the value of T1 counter TLCNT (which can be
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regarded as the triangular carrier of SVPWM) to generate appropriate PWM wave, so that the PMSM
speed can approach the reference speed. That is, twice the period register value (T1PR) of T1 represents
the control period of the whole control system, the sampling period of ADC and the PWM period. The
values of the period register T1PR and the control register TLCON can be defined as needed to complete
the initialization of T1.

Define the dead time. The definition of the dead time needs to consider the switching time of IPM
and the switching time of various optocouplers in the driving circuit, and then write the corresponding
value into the dead time register DBTCONA (the system defines the dead time as 2us). At the same
time, it is necessary to define the values of PWM related registers to complete the setting of the
following functions: space vector mode is prohibited, T1 counter is overloaded when underflow occurs,
PWM1, 3 and 5 are active high, and PWM2, 4 and 6 are active low.

In order to cooperate with the orthogonal coding circuit for measuring the actual speed, an
orthogonal coding circuit’s capture interrupt initialization (QEP initialization) process is needed: the
clock source of T2 is defined as QEP circuit, and its period register value is defined as four times of the
number of code lines in one circle of encoder, and CAP1 and CAP2 are prohibited capture function,
allow the capture function of CAP3. Further, in the process of implementation, the current actual speed
of PMSM can be calculated by reading the values of two adjacent moments of T2CNT.

3.3 Interrupt Service Program

There are two interrupt service program in this system: T1 underflow interrupt service program and
CAP3 interrupt service program. The CAP3 interrupt service program is used to correct the position of
the motor. When the rotor of the motor turns to the 0 position (the encoderZ phase signal jumps), it
enters the interrupt service program and updates the position variable to 0. The following focuses on the
T1 underflow interrupt service program for PMSM sensorless direct torque control strategy.

Using the direct torque control strategy based on expected voltage described in reference [31](the
control strategy block diagram is shown in Fig 11) and the PMSM speed estimation algorithm based on
MRAS described in reference [32] (the speed estimation algorithm blockdiagram is shown in Fig 12),
the T1 underflow interrupt service program is designed, and its flow chart is shown in Fig 13.
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Fig 11: Block diagram of direct torque control strategy based on expected voltage
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Fig 12: Block diagram of speed estimation algorithm based on MRAS
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Fig 13: Flow chart of T1 underflow interrupt service program

In Fig 11-Fig 12, Y is stator flux vector, ¥, is flux linkage value of a-axis, u, is stator voltage of
a-axis , ugrer IS Stator expected voltage of a-axis, R is stator resistance value, i, is stator current of
a-axis, g is flux linkage of B-axis, ug Is stator voltage of B-axis , ug.s is stator expected voltage of
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B-axis, ig is stator current of B-axis , p is the differential factor , p, is the pole pairs of motor , iq is stator

current of d-axis, iq is stator current of g-axis, ug is stator voltage of d-axis, uq is stator voltage of g-axis,
we 1S the electromagnetic speed of motor , & is the electromagnetic position of motor rotor, Te is output
electromagnetic torque of motor, Adgs is Torque angle increment, pg is the spatial phase angle, L is the
value of stator self inductance, ¥ is the value of rotor flux linkage. And 0" is the reference value of a

variable, A is the difference between the actual or estimated value and the reference value, I is the
estimated value of a variable, || is the size of a vector.

The ADC module stores the sampling results of three AD channels, ADCINAO, ADCINAI and
ADCINA2, in the result registers ADCRESULTO, ADCRESULT1 and ADCRESULT2 respectively.
Each result register has 16 bits, while the ADC of TMS320F2812 has 12 bits, which are the upper 12
bits of the result register. Therefore, in the AD data processing program, it is necessary to shift the value
of the result register to the right by 4 bits first. The following describes the data acquisition process by
taking the data processing process of ADCINAO as an example: 1) Run the AD conversion program
when the input current is 0; 2) Read the ADCRESULTO value at this time, and set this value as
OFFSETO, which is the offset of phase A current; 3) Solve the AD conversion result according to
formula (3).

Limax(ADCRESULTO > 4 — OFFSETO > 4)

fa= 4095 ®3)

Where lamax 1S the maximum value of phase A current, and I, is the measured value of phase A
current.

According to Fig 11, the stator voltage is calculated from the switching value output by SVPWM
module and the bus voltage obtained by AD sampling, and the stator current is obtained directly from
AD sampling. They can get a-axis and B-axis components by CLARK transformation (refer to Fig 12 for
CLARK transformation). According to the given formula in Fig 11, the estimated value of flux linkage
is obtained, and then the estimated value of PMSM electromagnetic output torque is obtained. The
estimated rotational speed and expected voltage vector are calculated by the specific algorithms of the
PMSM rotational speed adaptive estimation module based on MRAS shown in Fig 12 and the expected
voltage calculation module shown informula (4). In the process of software realization, the speed
regulator is realized by PI regulator.

1105



Forest Chemicals Review

www.forestchemicalsreview.com

ISSN: 1520-0191

September-October 2021 Page No. 1091-1118

Article History: Received: 22 July 2021 Revised: 16 August 2021 Accepted: 05 September 2021 Publication: 31 October 2021

=Ri + |'/75|COS(,OS +Ady) —|l/75|COS(pS)

aref T 's'a
Ts

u

(7| + Al ) sin( o, + Ady ) —|7|sin(p,)

Ts @)

U et :Rslﬂ+

The estimated value of flux linkage can be calculated by “flux estimation module” in Fig 11, but it
includes an integral element. Based on the trapezoidal approximation principle , integral element in the
flux estimation module can be realized by formula (5):

Po(k) = Pk — 1) + 2 [(t — Rei)ic + (e = Reia) 1] (5)

Where ¥, (k) is the flux estimation of the current control period, and ¥, (k — 1) is the estimated
flux of last control period.

The encoder signal processing, PI regulator and SVPWM software implementation will be discussed
in detail below.

3.3.1 Software Implementation of Pl Regulator

In direct torque control system based on expected voltage vector, Pl regulator is needed to adjust
speed and torque. The system uses Pl regulator with integral correction to adjust speed and torque, and
PI regulator with integral correction can quickly desaturate. The algorithm blockdiagram is shown in Fig
14.

U Out PreSat

.ESat ( g% ).
+

Fig 14: Algorithm block diagram of integral improved PI regulator
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The specific algorithm is shown in formula (6):
U p(k) = er(k)
Ui (k) =U;(k -1) + K Kie(k) + K (U (k 1) =Ugyepresar (K —1)) (6)
Uoutpresat (k)=U p(k) +Ui(k)

where Up(K) is the output value of the proportional term, K, is the proportional coefficient, e(k) is the
current error, K; is the integral coefficient, K. is the correction coefficient of the integral term, U;(k) is the
output value of the integral term, and Uoypresat IS OUtput value before limiting, U is the output, Umax and
Unin are the maximum and minimum values of the output limiting pair respectively.

3.3.2 Software Implementation of SVPWM

The principle of SVPWM has been involved in many literatures. This paper only expounds the
realization of SVPWM algorithm in DSP. According to the principle of SVPWM, in order to realize the
real-time modulation of SVPWM signal, we should know the spatial phase of the expected voltage
vector Uy and its sector firstly, and then synthesize the expected voltage vector by using two adjacent
basic voltage vectors and appropriate zero vectors.

3.3.2.1 Determination of the sector where the expected voltage vector U, is located

Expected voltage vector Uy is given by of3 coordinate system component form of u, and ug, each
equivalent condition of the sector where U is located is shown in TABLE Il According to TABLE I,

the sector of expected voltage vector Uy is entirely up to up, V3u, —ug and —3u, — ug, three
intermediate variable By, By, B, are defined by formula(7).

_\B 1 (7

TABLE I1. Equivalent Condition of U’s sector

The sector of Uy es

Equivalent Condition

I
II
I

Uq >0, ug >0 and ug/uy < V3
Ug >0 and ug/|ug| > V3
Uy <0, ug >0 and —ug/uy <
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V3
v Uy <0, ug <0 and uB/ua<\/§
A% ug <0 and —uB/Iual > \/§
Ug >0, ug <0 and —ug/uy <
VI
V3

Redefinition: if Bo>0, then Po=1, otherwise Py=0; If B1>0, then P,=1, otherwise P1=0; If B,>0, then
P,=1, otherwise P,=0. It is not difficult to see that there are 8 different combinations of Py, P, and P,
but because Py, P; and P, are not 1 or 0 at the same time, the actual number of combinations is 6, the
combinations of Py, P1 and P, have the relation of one-to-one correspondence with the sector of vector
Urer, let P=Py,+2P;+4P,, look up TABLE I11 the sector of Ut can be obtained.

TABLE I11 Relationsip of the value of P and the sector
P 3 1 5 4 6 2
Sector | II I v A% VI

With this method, the sector of U can be determined only by simple addition, subtraction and
logical operation. Compared with TABLE I1, the response speed of the system can be improved.

3.3.2.2 Calculation of Action Time of Basic Voltage Vector

Assuming that Uy is in sector |, according to the analysis in reference [31], there are:
u, - || cosé, 2 1 2 c0s60°
|:uﬂ:|prm = |U ref ||:Sin gu :|prm = gudc|:0j|Tl +§Ud°Lin 60° :|T2 (8)

where 6, is the spatial phase of Uyer, T1 and T, are unknown, Solve this formulaand get formula (9).

Let K = V3Tywm/Ude, X = up, Y =V3uu/2 +up/2,Z = —3u,/2 + ug/2. Assuming that the
first acting time of the basic voltage vector is Ty, and the second acting time is Ty. In the same way as the
first sector calculation method, the relationship between the acting time of the basic voltage vector and X,
Y and Z as shown in TABLE IV is obtained.
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T :ﬁprm ﬁu _ul)
U, 2 0% 2
NE3 . 9)
T,=—""u,
Udc
Ty =T, = Towm =T =Tz _2T1 T2

TABLE IV The relationship between the acting time of the basic voltage vector and X, Y and Z

Sector I II I 1A% \4 VI
Tx -KZ KZ KX -KX -KY KY
Ty KX KY -KY KZ -KZ -KX

Consider that when T,+T,>T,wm, the endpoint of the vector exceeds the regular hexagonal boundary
of the basic voltage vector, resulting in over modulation. If we continue to use the calculated Ty and Ty,
the output waveform will be seriously distorted. So we can take the following measures to solve this
problem:

T,'= Tprwm /(Tx +Ty)
T,'=T, T pun (T, +T,) (10)
T, =T, =0

Ty and Ty calculated by formula (10) can replace the Ty andTy above.

According to the above calculation, the acting time of the corresponding basic voltage vector and
zero voltage vector can be obtained.

3.3.2.3 Calculation of DSP comparison register value

When the sector of expected voltage vector and the acting time of the corresponding basic voltage
vector and zero vector are determined, the value of each corresponding comparison register can be
calculated according to the PWM modulation principle. When the expected voltage vector is located in
sector I, its operation relation is as follows!®*!:

Laon = (prm -Ty _Ty)/4

thon = taon +Tx /2 (11)
teon = thon +Ty 12
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where tyon, thon, tcon are the values of the corresponding comparison registers respectively. The values of
comparison registers corresponding to different sectors are shown in TABLE V.

Table V The correspondence between comparison register values and sectors

Sector I 11 111 v \% VI
Ta taon thon teon teon thon taon
Tb thon taon taon thon teon teon
Te teon teon thon taon taon thon

Ta, Tp and T, are the values of the corresponding three-phase comparison registers. Writing T,, Tp and
Tcinto the comparison registers CMPR1, CMPR2 and CMPR3 respectively, that is the whole algorithm

of SVPWM completed.

IV EXPERIMENT AND RESULTS ANALYSIS

4.1 Experiment of generating PWM wave

Before using PWM wave to drive motor, it must be determined whether the PWM wave generated
by SVPWM module is correct. The modulation wave function®® of the phase voltage is shown in

formulas (12) and (13).

Ua(6u) = <

(V3

T
7 |Uref|COS(9u - g)
V3
> |Ureflcos(6y)

V3 m
(5 [Urerlcos(8y + )

Ub(eu)zua(gu -

Uc(6,)=U,(6, -

Sector 1,4

Sector 2,5

Sector 3,6

(12)

(13)

The modulated wave function® of line voltage is derived from formulas (12) and (13), as shown in

formula (14).
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) 27

Uas (6,) = V3U et [sin(6, + )
27

u bc (eu ) =U ab (eu - ?) (14)
A7

Uca(eu) = Uab(eu _?)

From formulas (12) to (14), it can be seen that the phase voltage modulation wave function is saddle
shaped, while the line voltage modulation wave function is sine shaped. In CCS, whether the waveform
of T, is saddle shape or not and whether the waveforms of T,-T, are sine shape can be observed to
determine whether the PWM wave is correct or not.

Using software method, generate an expected voltage vector and make it rotate at a certain angular
speed. Connect CCS with DSP main control board, run the program and draw, and get T, and T,-Tp
waveforms, as shown in Fig 15 and Fig 16.

Towphcalonply 88 4 2 craibion S

4150 : I'-. f i ] 25881 "' \ ".
"3 A \ ;"v A \ ,“.v E / 1 J ‘.
] e S
3 -:SE{;: “' 1l.‘ I"l -
7] -m ] \ ‘
. e
255, 139527 Tempd (255, 386722) Tempi Tin
Fig 15: The wave of T, Fig 16: The wave of T,-Ty

It can be seen from Fig 15 and Fig 16 that the SVPWM program can generate correct PWM wave,
which indicates that the module is correctly written.

4.2 Verification Experiment of Position and Speed Estimation Signals

The experiment is mainly used to verify whether the motor position signal obtained by MRAS
estimation algorithm is correct. Considering the safety and other reasons, the bus voltage is supplied
with 12V DC power by voltage stabilizing source. During the test, a rotating voltage vector is input to
the SVPWM module, if the phase of the voltage vector corresponds to the actual electromagnetic
position of the motor rotor, the motor can be driven to start and finally rotate at a stable speed.

The rotation voltage vector is obtained by the given quadrature axis components Ug#lUq of the
voltage vector, and the position signal required by IPARK is obtained & calculated by MRAS module.
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Only when the position estimation signal 8 obtained by MRAS module is approximately equal to the
actual electromagnetic position & of the controlled motor rotor, the motor continue to rotate.

Set Uyg=0, U4=5, the program is runned in CSS, the following result can be obtrained:

0.137 0.204
[lr0.102, -0.119257) (0/Time Lin |Auto

Fig 17: Phase A and phase B currents for Us=5

In Fig 17, phase a current is shown at the top and phase B current at the bottom.

21
-‘m ™r T ¥ ™ ™ T T ™rT ™" ™r

i 0512 62 Md 0
D164, 38304) Ele Time Ao Scak

Fig 18: Estimated value of motor electromagnetic position for Us=5
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Fig 19: Comparsion of electromagnetic estimated speed and actual electromagnetic speed for Ug=5

Estimated value of motor electromagnetic position for Us=5 is shown in Fig 18. And in Fig 19, the
upper part shows the estimated electromagnetic speed and the lower part shows the actual
electromagnetic speed.

From the analysis and results above, the MRAS program can accurately estimate the rotor position
and speed of the motor, and can be used in the next double closed loop (speed closed-loop and flux
closed-loop) experiment.

4.3 Experiment of Closed-loop

In order to ensure the safety during the experiment, the same 12V regulated power supply is
connected, and different reference speeds are set to observe the stator current and speed curve.

Set the reference speed to 500rpm, run at no load, and get results as shown in Fig 20 and Fig 21. The
reference speed is set at 300rpm, and a constant load is applied to the motor to obtain the result diagram
shown in Fig 22. Slightly increase the load and get the result as shown in Fig 23. Add a time-varying
load, run the program, and get the result as shown in Fig 24.
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Fig 20: A phase and B phase currents for the reference speed is 500rpm

£

I S Y T T B Y T
{10466, 515} 1.8, 0214553) Eec SpeadRpm view [ view Time i AuoSce
Fig 21: Electromagnetic speed and B phase current for the reference speed is 500rpm
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Fig 22: Electromagnetic speed and B phase current with reference speed of 300rpm and constant load
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Fig 23: Electromagnetic speed and B phase current with slightly increased load

Fig 24: Electromagnetic speed and B phase current with time-varying load
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From the above result chart, it can be seen that the system can better follow the given speed and
achieve the purpose of speed regulation. At the same time, the system also has good speed regulation

effect after adding load.

V. CONCLUSION

In this paper, a low-cost and reliable permanent magnet synchronous motor servo control platform is
designed. In order to achieve the goal of low cost, the platform uses MRAS approach to estimate the
motor rotor speed and position, and uses the cheap DSP chip TMS320F2812 as the control chip; In order
to achieve the goal of high reliability, the strong and weak current isolation, high temperature and
overvoltage protection are fully considered in the hardware design, and the IPM is used as the core of the

driving circuit. According to the obtained results, we can have the following remarks:
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(i) PWM wave generation experiment can get the correct phase voltage and line voltage modulation
waveform, which proves that the SVPWM implementation approach proposed in this paper can generate
the correct PWM wave.

(i) In verification experiment of position and speed estimation signals, the estimated position and
speed of the rotor are approximately equal to the actual value obtained by the photoelectric encoder,
which proves that the speed and position information estimated by the MRAS method adopted in this
paper has high accuracy.

(iii) Finally, the system closed-loop experiment shows that the designed control platform can control
PMSM to follow the reference speed well under the four different working conditions: no-load reference
speed of 500rpm, constant load reference speed of 300rpm, increased load reference speed of 300rpm
and time-varying load reference speed of 300rpm, which proves that the hardware and software of the
designed platform have high control precision degree and following ability.
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