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A PMBLDC Motor Measurement and Control System Available for ZYNQ
Hardware-in-the-loop simulation

Abstract

Abstract: In order to solve the modeling of permanent magnet brushless dc(PMBLDC) motor, it is difficult
to modify the control algorithm, inconvenient to add and remove the closed loop, and has poor real-time
measurement and control capability. Based on hall sensor position detection algorithm and PID control
algorithm, combined with piecewise linear method to generate PWM waveform, Simulink graphical
modeling platform is used, and a new closed-loop measurement and control method is proposed. A
sudden load and sudden speed simulation are carried out to verify the established PMBLDC motor
measurement and control system. The simulation results show that the system has great stability. It is
easy to modify and delete the algorithm module, and it can be quickly deployed in the hardware platform.
Simulink provides graphical interface for measuring and controlling the hardware-in-the-loop real-time
simulation.
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A PMBLDC Motor Measurement and Control System
Available for ZYNQ Hardware-in-the-loop simulation

Zhou Zhiguo, Sun Jiaen, Yu Jiabao, Zhou Xuehua

(School of Information and Electronics, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to solve the modeling of permanent magnet brushless dc(PMBLDC) motor, it is
difficult to modify the control algorithm, inconvenient to add and remove the closed loop, and has poor
real-time measurement and control capability. Based on hall sensor position detection algorithm and PID
control algorithm, combined with piecewise linear method to generate PWM waveform, Simulink
graphical modeling platform is used, and a new closed-loop measurement and control method is proposed.
A sudden load and sudden speed simulation are carried out to verify the established PMBLDC motor
measurement and control system. The simulation results show that the system has great stability. It is easy
to modify and delete the algorithm module, and it can be quickly deployed in the hardware platform.
Simulink provides graphical interface for measuring and controlling the hardware-in-the-loop real-time
simulation.

Keywords: Simulink; permanent magnet brushless dc(PMBLDC) motor; hall sensor position detection
algorithm; PID control algorithm; piecewise linear method; PWM
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Introduction

PMBLDC motor has been developing rapidly in

Received date: 2020-05-30 Revised date: 2020-07-18;
g Foundation: Equipment Pre-Research Field Fund

i Thirteen Five-year(61403120109);
Biographies: Zhou Zhiguo(1977-), Male, Hubei Wuhan,

Doctor, Associate Professor, research direction: the

=
e
“ simulation method and application; Sun Jiaen(1996-),
Male, Inner Mongolia Hohhot, Master.

recent years and has attracted much attention due to
its small size, good performance, simple structure,
high reliability and high output torque. With the
continuous expansion of PMBLDC motor applications,
it is of great significance to develop a higher standard
motor control system. In the development process of
motor measurement and control, good control

performance, easy to be deployed on hardware
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platform and quick development cycle should be We can get the voltage from:

[1-3] ; ; d/
focused . Therefore, how to build a high V=I,Rg+Ls- d_tA +e, (1)

efficiency simulation model of PMBLDC motor
control system is urgent.

The research of PMBLDC motor modeling and
simulation method is an extremely important process,
but there are still some problems, such as taking up
too much computing resources, poor real-time
performance, difficulty in modifying the control
algorithm and inconvenience in adding and removing
the closed loop!®!. This paper puts forward a new kind
of PMBLDC motor modeling method based on
Simulink

established the motor module, the speed controller

graphical modeling platform. We
module, the 3-phase inverter module, the piecewise
linear PWM generator module and the core controller
module respectively. These modules are combined to
build a complete PMBLDC motor simulation model.
In the process, how to quickly determine PWM with
different duty cycle is very important, which has been
solved successfully according to the piecewise linear
method. In addition, the modular designed blocks
also make it easy to modify, add and subtract
algorithms. The model established by this method can
be quickly and conveniently downloaded into FPGA
and ARM platform for joint debugging by using the
embedded plug-ins of Simulink, which greatly

improves the development efficiency of designers.
1 Modeling of PMBLDC motor

The equivalent circuit of PMBLDC motor drive
for phase A shown in below Fig. 1.

Fig. 1 Equivalent circuit of PMBLDC Motor

Where, L, is the inductance, e, is back emf of the
motor and R, is the stator winding resistance for
phase A.

We can get these conclusions by applying
KVL¥,

V,=RI,+L, d, +M,, iy +M,, A +e, (2)
ds dt " dt
dr dr dr
V,=RI, +L —L2+M, —“+M, —<+e, (3
b b b b dl‘ ba dl‘ be dt b ( )
V.=RI.+L, d, +M,, 4, +M, 4, +e, (4)
ds ds de

Where, [,, I, and I. are three phase currents. V,, V}
and V. are three phase voltages. L,, L, and L, are
three phase self inductances. R,, R, and R. are three
phase resistances. My, Mye, Mpay Mpe, M., and M,
are the mutual inductances of the stator windings.
What’s more, e,, ¢, and e, are the back emfs in motor.

So we can get the matrix form,

vl [R, 0 o][1,

Vo=l 0 R, 0|, |+

V.| |0 0 R L
I La Mab Mac ]a €,
M, L, M, % I |+|e | 5
_Mca Mcb Lc ]c €

The equation of electromagnetic torque is,
T,= (e, e, +el) o (©)

The equation of motion is,

7=/ Bo+T, )

2 The architecture of PMBLDC
motor measurement and control
system

In this part, we propose the method of
establishing the BLDC control system simulation

model based on the analysis of hall sensor position
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detection algorithm and PID control algorithm. In
addition, the method combines with the idea of
piecewise linear to generate PWM waveform. The

model is built in the Simulink environment of

Matlab2018b and SimPowerSystem Toolbox are used.

The framework of this system is shown in Fig. 2.

The complete model of the whole motor
measurement and control system is shown in Fig. 3.
In addition to the motor and load, there are speed
control module, piecewise linear PWM generation
module, core control module and 3-phase inverter
module. This system adopts speed closed-loop PID
control algorithm and the modulation mode of PWM

is HPWM-LON.

SPEED PIECEWISE LINEAR
CONTROLLER PWM GENERATOR

CORE
CONTROLLER

SPEED HALL
SIGNAL SIGNAL
REFERECE ;;ESSE 3-PHASE
SPEED MOTOR INVERTER

Fig.2 Block diagram of the system

2.1 Speed controller

The structure of the speed control module is
relatively simple, and shown as Fig. 4.
Dual input: reference speed and actual speed.

Single output: speed deviation value.

L e

{)/o——b In1
PID(s) [P

?
speed user_defined real Tspeed PID select PID?

- In1
<Hall effect signal h_a>

Scope_PWM

<Hall effect signal h_b>

> - In3 Outt |
l <Hall effect signal h_c>

<Rotor angle thetam (rad)>

Out1

Piecewise linear PWM generator

<signal1>

core controller

<Hall effect signal h_a>

R s o

<Hall effect signal h_b>

]

<Hall effect signal h_c>

* |> load

~_—~ DC Voltage

-

<Stator back EMF e_a (V)>

<Stator back EMF e_b (V)T—>

m ") <Stator back EMF e_cV)>

] |

<Stator currentis_a (A)>

O] |

>

—
<Stator currentis_b (A)>

3-phase inverter
Discrete
1e-05s.

powergui

PMBLDC Motor

<Stator currentis_c (A)>

<Electromagnetic torque Te (N*m)> 4
<Rotor speed Wm (rad’s, u “ y > D
fcn
speed

Fig. 3 Simulation model of PMBLDC motor
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as Hall sensor input, PWM and rotor electrical angle

1 5000 + p| PID(s) — to provide control signals for the system. It should

Speed User-defined PID

real speed

Fig. 4 Speed controller

The speed control loop adopts typical PID
control. The given speed is compared with the actual
motor speed to obtain the deviation value, which is
used as the input of the PID regulator. After PID
adjustment, it is input to the piecewise linear PWM

generator module.
2.2 Piecewise linear PWM generator

The piecewise linear PWM generator is shown
in Fig. 5. The piecewise linear module is determined
by testing the motor speeds corresponding to multiple
sets of PWMs with different duty cycles in an
open-loop state, so that the PWM duty cycle
corresponding to different speed is linearly fitted. As
shown in Fig. 6, the PWM generator can generate a
PWM waveform with a period of Ims with different
duty cycles by receiving the signal from the DC input
port.

—»{u 0 yb—»{DC PWM [—
fcn

Piecewise liner PWM generator

Fig. 5 Piecewise linear PWM generator

Ua
(@]
%
1
0

Carrier counter

Fig. 6 PWM generator

2.3 Core controller

The core control system collects input data such

generate a modulated PWM signal to control the
power switch in 3-phase inverter.

For star-connected motors, the entire working
process can be divided into six modes”®. For each
stage, two of the three states are conductive, and the
third is open. In the presence of a Hall sensor,
commutation is based on the input of the Hall sensor,
and the order of how the coil should be powered is

shown in Tab. 1.

Tab. 1 Clockwise sensor and drive bits by phase order

Hall sensors Active switch

PHASE C B A Chigh Clow ,B B _B B
high low high low
1 1 0 1 0 1 0O 0 1 o0
2 1 0 0 1 0 0O 0 0 1
3 1 1 0 1 0 0O 1 0 O
4 0 1 0 0 1 1 0 0 O
5 0 1 1 0 0 1 0 0 1
6 0 0 1 0 0 0O 1 1 0

The interior of the module is shown in Fig. 7,
which uses the H PWM-L ON PWM modulation
mode. The commutation logic part is designed based

on the Matlab function.
2.4 3-phase inverter

The 3-phase inverter actually transmits the
PWM signal from the control system to the motor! ",
The control system generates a low-voltage signal
(up to 5 V), and the motor requires high voltage
power supply (usually 20~400 V¥ according to the
motor usage area). According to the type of motor,
the inverter bridge components are selected to meet
the requirements of voltage and switching speed. Fig.
8 shows the standard six-switch three-half bridge

system which is a typical inverter bridge used for

PMBLDC motor control.
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Fig. 7 Interior of core controller

Power electronics

A{Eﬁm S3 AD3

Fig. 8 Typical inverter drive system for a PMBLDC motor

3 Simulation results and experimental inductance L=0.000 395 H, torque constant 7=0.582,
verification rotational inertia J=0.002 7 kg'm’, damping coefficient

. . B=0.000 492 4 N'm-s/rad, rated speed »= 20 000 r/min,
3.1 Simulation parameters

pole pair number p=4, DC power supply voltage is

The parameters of the motor used in the 200 V.
modeling process are: motor stator phase winding The three parameters of the discrete PID

resistance R=0.028 5 Q, stator phase winding controller in the speed loopare K,=3.2, K=195, and

http: // www.china-simulation.com
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K/~0.001. The sampling period of the PWM

generator is 1e-6 s.
3.2 Sudden increase in motor load

Simulation environment setting: set speed w=
12 000 r/min, load 7;=2 N-m when the motor starts,
when #=0.5 s, load suddenly increases to 7;=6 N-m,
and simulation time is set to 1 s.

The torque waveform of PMBLDC motor in this
system is shown in Fig. 9. The torque fluctuation is
very large in the start-up stage, and the positioning
process is basically complete until 0.003 5 s. Then
the torque level gradually stabilizes. During
0.003 5~0.5 s, the torque is mainly distributed around
2 N-'m, while the applied torque is 2 N'-m. At 0.5~1 s,
the torque is mainly distributed around 6 N-m, while
the applied torque is 6 N'm. The software model
simulation proves the effectiveness, rationality and

stability of the simulation system modeling.

Fig. 9 Torque waveform

The three-phase currents of A, B and C of
PMBLDC motor are shown in Fig. 10. As
demonstrated Fig. 10, in the initial stage of starting,
the rotor starts to accelerate rapidly from 0 s, the
current increases rapidly, and the sharp change of
current can be reflected in the figure. The rotor
begins to accelerate slowly, and the increasing speed
of the current gradually slows down. After 0.07 s, the

current alternately appears on the horizontal axis and

runs steadily, thus proves the conformily of current

ARG HAR

Journal of System Simulation

Vol. 32 No. 11
Nov., 2020

waveform to the theoretical analysis.

|
R ————— T ———

|mewwm%wwwwwwmm
|

Fig. 10 Three-phase currents

It can be seen from Fig. 11 and Fig. 12 that the
back-EMF of the three-phase winding of the motor
obtained by the piecewise linear method differs from
the angle of the three-phase Hall signal by 120°,
which is consistent with the situation of the real
motor.

—
an |“\‘|I|\ i

i \‘l"“ ""'Hw|.'|‘M"ll‘ulsﬂul‘ll“'l‘M.||\ '|IH
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i |
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Fig. 11 Three-phase back-EMF

T
F T
FRRE RRRRRIARE

Fig. 12 Three-phase Hall signal

PMBLDC motor speed response is shown in
Fig. 13. It can be observed from the figure that when
the system starts to run, the motor can reach
12 000 r/min at 0.07 s, and the system response is fast

and stable. When the load suddenly increases from

http: // www.china-simulation.com
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2 ~6 N-'m at 0.5 s, the speed drops to a certain extent,
but the speed returns to the given value with the
impact of regulator in 0.04 s. Although there is a
small range of fluctuations, the fluctuation range is
only 5 r/min, indicating that the system has good

stability.

12000-ﬁ —

10 000

8000}

6 000}

4000+

2 000

0 L L L L L L L L L
0.0 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0

Fig. 13 Speed response

3.3 Sudden increase in motor speed

Simulation environment setting: set the motor
load 7;=6 N'-m. When the motor starts, the given
speed is 6 000 r/min. When #=0.5 s, the speed
increases suddenly to 12 000 t/min, and the
simulation time is set to 1 s.

Fig. 14 and Fig. 15 show the motor torque and
three-phase current output When the speed of
PMBLDC motor increases suddenly. It can be seen
that when the voltage of the three-phase inverter
terminal and the motor load are constant, the speed of
the motor suddenly increases, which will lead to the
phase current to increase. When the motor reaches
stability, the phase current and motor torque will
decrease rapidly again.

The three-phase winding back-EMF and
three-phase Hall signals of PMBLDC motor are
illustrated in Fig. 16 and Fig. 17. It can be seen from
the figure that at 0.5 s, the motor speed suddenly

increases.

| B “;l H [H\” |
| R,

,rruu || |

6.7+
6.6
6.5
6.4+
6.3+
6.2
6.1
6.0
5.9

0.0 0.1 02 03 04 05 06 07 08 09 1.0

Fig. 14 Torque waveform

.0 01 02 03 04 05 06 07 08 09 1.0
Fig. 15 Three-phase currents
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Fig. 16 Three-phase back-EMF
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Fig. 17 Three-phase Hall signal
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The speed of PMBLDC motor is shown in
Fig. 18. After 0.5 s, the motor speed suddenly
increased from 6 000~12 000 r/min just take up about
0.05 s. The system responds quickly with little static

Crror.

12 000 No—
10 000 -
8000+

6000—/\

4 000

20001

0 L L L L L L L L L
00 01 02 03 04 05 06 0.7 08 09 1.0

Fig. 18 Speed response
4 Conclusion

In this paper, a PMBLDC motor closed-loop
measurement and control system is simulated and
modeled in Simulink. The piecewise linear method is
used to generate PWM control signals, and the
H PWM-L ON mode is employed to modulate the
PWM. Then, the speed and load are increased
suddenly to simulate, analyze and verify the
effectiveness of the model. This research provides a
way for designers to effectively grasp the graphical
modeling tools and understand the dynamic process
of motor PWM speed regulation. In addition, it is
convenient to use Simulink's plug-ins to compile and

download this model into ZYNQ for real-time

ARG HAR

Journal of System Simulation

Vol. 32 No. 11
Nov., 2020

hardware-in-the-loop simulation measurement and

control.
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