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Abstract—This  paper presents the design and
implementation of speed control for a brushless direct current
(BLDC) motor using a complex programmable logic device
(CPLD). Implementation of speed control is using a PWM
technique by varying duty cycles applied to a three-phase
inverter, Rotor position determines by hall sensors which are
used as references to synchronize the PWM control signals. The
control model is written using Verilog Hardware Description
Language (HDL) and verified by simulation using ModelSim-
Altera. An experimental setup is built to test the performance of
the BLDC Motor under the PWM control. The control
algorithm is implemented using Max II EPM240T100C5 devices
on a 350W 36V rated BLDC motor. The number of the used
logic elements (LEs) of the CPLD is about 133 of 240 LEs. PWM
with controllable duty cycle generated in this system for having
working frequency about 20KHz and commutate sequentially
according to six-step commutation up to 600 RPM on no-load
condition,

Keywords—CPLD, PWM, BLDC, Hall Sensor, ADC

1. INTRODUCTION

The development and usage of electric vehicles (EVs) are
becoming more popular and replacing fossil energy [1]. There
are several obstacles to implement EV, one of it is a
complicated control system [2], and therefore many
publications and implementation encounter this problem. An
electric motor is one important part of the electric vehicle, and
many various motor types are currently on the market.

Brushless DC motor 1s widely used on many applications
like computers, military, automotive, and many more [3]. In
EV, this motor has become a good option compared to other
motors. Several advantages of BLDC motor are high
efficiency, convenient maintenance, and high torque density
[2][41(5][6]. All these basic characteristics are required for
traction application, such as in EV [7]. However, an electronic
commutator is required for the BLDC motor instead of a
mechanical commutator like in a DC motor.

In order to commutate BLDC motors, it is required to
identify rotor position [4]. There are two ways to get the rotor
position, i.e., using sensor and sensorless methods. Sensor
method typically uses hall sensor to detect electromagnetic
flux from a permanent magnet. The sensorless method detects
it using zero-crossing back-EMF. Both methods have
advantages and disadvantages. Hall sensors are much easier to
use, but production costs can be higher and have low
resolution. However, there are several methods to overcome
this problem [8][9]. The sensorless method can be universally
used on various BLDC motors, but it is rather complex to
implement the algorithm [4][10].
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The control system will be implemented in a complex
programmable logic device (CPLD). Compared to
microcontrollers, it offers several advantages due to flexibility
and low power consumption [9] [11]. A FPGA and CPLD has
a higher processing speed and can perform complex
computations and parallel processes [11] [12]. Furthermore,
CPLD and FPGA are programmed using a hardware
description language and potentially implemented in system-
on-chip devices for mass production. FPGA and CPLD also
can easily simulate the design before being implemented on
hardware to reduce error during implementation.

This paper presents a BLDC control system based on
CPLD as the main controller to generate PWM signals. The
commutation sequence is determined by using built-in hall-
effect sensor to detect permanent magnet rotor position.
Compared to other works [9] [12] [13][13], the
implementation of CPLD offers more benefits than
microcontroller or FPGA. CPLD process speed is better than
microcontrollers for such parallel processing. With the
minimal algorithm in this design, the use case of FPGA will
overrate resources. Furthermore, since CPLD 1s a non-volatile
device, there is no need for programming and configuring
when initial power-up of the system frequently occurs.

The remaining chapter of this paper is organized as
follows. Chapter II describes in detail about control algorithm
using for this BLDC motor drive system. Chapter 111 explains
simulation results, and Chapter 1V is implementation and
verification of BLDC control system through experimental
testing to BLDC motor.

II. BLDC MOTOR CONTROL SYSTEM

The construction of a brushless DC motor is similar to an
induction motor and a DC motor without brushes. It can have
various configurations on total phase or winding arrangement,
either star or delta pattern. In this paper, we will focus on
control the three-phase BLDC motor.

Fefo |
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Generatar Commutation I el 3-PHASE
| : Lo o |
| spranc |
—_— — e e —

P4
commLmacaTION
ADC
HALL SENSORS [2:0]
POTENTIOMETER
Fig. 1. BLDC motor control system
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Commutation of BLDC motor is controlled electronically,
based on rotor-stator position. The speed of BLDC motor is
proportional to the applied voltage, and therefore we are
required to control voltage on BLDC motor [14]. Pulse width
modulation technique will be used to control voltage by
varying the duty cycle of PWM signals.

The overall system of this motor control system is
presented in Figure 1. There are two inputs in our system, the
signal from hall sensors and potentiometer. The built-in hall
sensors are used to determine rotor position of the motor and
potentiometer to adjust speed of BLDC motor. Logic part will
be controlled using complex programmable logic device
(CPLD) as the brain of our system.

A. Phase Sequence Based on Hall Sensor

Figure 2 shows a three-phase inverter using six MOSFETs
as switch with PWM signal to gate of MOSFET. This will be
VSI to drive BLDC motor and using two-phase conduction
method [15].

M1 M3 M5
M2 M4 M6
B C
A

Fig. 2. 3-Phase Inverter Schematic

The commutation of BLDC motor is determined by hall
sensor pattern and called six-step commutation. Relation
between active phase and rotor position can be seen on
manufacturer datasheet or manually determined [13]. Table 1
and Table I shows sequence for six-step commutation in both
direction clockwise and counterclockwise direction. Every
MOSFET is commutate every 60 electrical degrees.

TABLE L. CLOCKWISE SIX-STEP COMMUTATION
Hall Sensors Motor Phases

A B c Phase A Phase B Phase C
0 0 1 Off - +

0 1 1 - Off +

0 1 0 - + Off

1 1 0 Off + -

1 0 0 + Off -

1 0 1 + - Off

TABLE II. COUNTERCLOCKWISE SIX-STEP COMMUTATION

Hall Sensors Motor Phases
A B c Phase A Phase B Phase C
0 0 1 Off +
0 1 1 + Off
0 1 0 + - Off
1 1 0 Off - +
1 0 0 - Off +
1 0 1 - + Off

B. Interfacing ADC for Potentiometer

The output of potentiometer is analog voltage signal and
cannot directly use on CPLD. To process the signal digitally,
it must be converted to digital form using ADC chip.
MCP3008 ADC chip is used in this case. It is 10-bit ADC with
8 channels and using SPI protocol-based to communicate to
control unit.

SPI-protocol is communication for short-distance using
serial interface. To initiating communication with ADC and
CPLD as master device by send low signal to CS line. Figure
3 shows complete communication through MCP3008
ADCI16].
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Fig. 3. Communication of MCP3008

Module to use this ADC is written in Verilog HDL and
performed like FSM based. The data is sending through MOSI
and MISO lines. Theoretical digital output of ADC is
determined using equation as shown below.

1024 xVin

Digital output code = Vrer

M

C. The Generated PWM signals

Figure 4 shows a flowchart for speed control of BLDC.
Digital value of potentiometer is used to determine direction
of rotation and duty cycle on our PWM signal on high side of
the MOSFET. Using counter and compare it to value of ADC
input as a reference.
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Fig. 4. Flowchart of the BLDC Control System.

[II. SIMULATION RESULTS

The control algorithm of BLDC motor drive is simulate
using Modelsim-Altera. Testbench was developed using
Verilog HDL and our control_bldc module as a unit under test.

The signals input from hall sensors and potentiometer are
required to simulate the testbench. It simulates the changing

potentiometer value reference and hall
output of the control motor. The clock

effects to examine
frequency for this

system is 50 MHz based on targeted device that will be

implemented.
position_top:pos
hall(2..0] >
select_pos:sel_pos
high stef2. 0 high_side[2..0]
20C[9.0 speed_sel low_side[2..0] > low_sice(2.0]
de k| stop._flag

1'hi enabe

miso [

Fig. 6. RTL Viewer of Verilog HDL Design.

The simulation result for control algorithm is shown in
Figure 5. PWM in this simulation is outputting duty cycle
according to increasing value of ADC to the high side signals.

By simulate 3-bit signals to hall input
value, we can see correct commutation
phase according to Table I and Table II.

and potentiometer
sequence for each

IV. IMPLEMENTATION AND EXPERIMENTAL RESULT

The simulation results verified the

control algorithm

according to the proposed system. Logic control was then
implemented to CPLD Max II: EPM240T100C5 using JTAG
via Quartus software. Figure 6 shows the logic schematic
implemented to the CPLD. Total logic elements used in this
design are 133 of 240 logic elements (LEs), utilize around
55% of EPM240 capability, and take 14 pins of 80 for input

ADC Value 345 390

This simulation aims to validate PWM signals generated in and output.
our design before being implemented to hardware.
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Fig. 5. Modelsim-Altera Simulation.
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Fig. 7. Hardware Implementation Setup.

The experimental setup is shown in Figure 7. BLDC motor
used is rated for 36V and 350W, and six MOSFET is
IRF3808. Hall built-in sensor on BLDC motor directly
connected to CPLD through a pull-up resistor. Input signal
from hall sensor is 5 volts for high logic signal and 0 volts for
low logic signal. CPLD EPM240 runs at 3.3 V logic, and
therefore it is needed a MOSFET driver to amplify the signal
to the gate of MOSFETs. The result in Figure 8 shows the
correlation between hall sensor, potentiometer value, and
phase sequence. The correlation shows both commutation
clockwise and counterclockwise direction at 50% duty cycle.
Each high side output variable duty cycle according to
potentiometer, and for low side, it changes whenever hall
sensor jumps to next pattern.

\
ey |
PWMIL
PWM2H

PWM2L
vy | N
PWM3H

|
|
|

Hac
- s - ]
HallB %
et ’ ’
A [ »....._T
HallA i
J
[ Wean: 12302V 21 Dty+: 45,45 %
% o I 0 35
L ow by & 5 = o] o2

(a) Clockwise Direction

| PWMIH | | |
| PWMIL
| pwmzn I |
| pwmMoaL
| ewon I T
Y
|
|
Potentiometer
. "
Hall C
L— r
i Se———
Hall B
— e e
e .
Hall A
[ Mean: 36963 [ Dty+: 5045 %
L3 L s L 25V
5v/ - 5v/ ] 5v = 5v/ =1 o _t=

(b) Counterclockwise Direction

Fig. 8. BLDC control motor signals on 50% duty cycle (experimental
result).

Adjusting downforce
Attached Load

Motor Under Test

Fig. 9. Load testing experimental setup.

The testing of BLDC motor established in a condition
without load and two variations with different loads. The load
testing using other motor attach on top of the tested motor.
Figure 10 shows speed measured of the BLDC motor during
three loads variation on both directions. The changing speed
of BLDC motor based on changes value of potentiometer
voltage as PWM set reference. Maximum speed achieved on
no-load condition is 600 RPM, variation 1 load is S00RPM,
and variation 2 load is 370 RPM. The current for no-load,
variation 1 and variation 2 are around 0,76A, 1,34A, and
227A.
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Fig. 10.  Speed results on clockwise and counterclockwise direction.

V. CONCLUSION

In this paper, the control system of the BLDC motor using
a complex programmable logic device (CPLD) is presented.
The control system generates PWM signals according to six-
step commutation using hall sensors. BLDC motor speed
control is achieved by varying duty cycles of PWM with a
frequency 20KHz. Duty cycle controlled with comparing
ADC value from a potentiometer and compare with an internal
counter. The control system was created with Verilog HDL
and simulated using Modelsim-Altera. The algorithm
implemented to CPLD Max II: EPM240T100C5 with total
logic elements (LEs) is about 133 out of 240, around 55% of
EPM?240 capability, and takes 14 pins for input and output for
the overall system.
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Lampiran 4 Netlist LTSpice Rangkaian Penyesuai Tegangan

R1
R2
R3
R4
V3
V5
vé
V4

XUl NOO6 NOO2 NOO4 NOO7 NOO3 AD712

NOO6
NOO6
NO002
NOO3
NOO5
NOO4
NOO7
NOO1

.dec V3
.1lib ADI1.1lib
.backanno

.end

NOO5 3100 tol=1l pwr=0.1
0 500 tol=1l pwr=0.1
NOO1l 2K tol=1 pwr=0.1
N002 1K tol=1l pwr=0.1

0

0 12

0 -12

0 -5

-12 +12 1



Lampiran 5 Kode Verilog HDL SPI-MCP3008 ADC

“timescale Inz f lps

module ade top(clk,enakle,mosi,miso, spiclk, c2,done, data out);
input clk,enable,mi=o;

output cs, done, mo=i,spiclk:

output [2:0] data out:

wire [9:0] data:

adec_spi spi(spiclk, enable, 4'bk1000, c=2, done, miso, mosi, data):
clk div al(clk, 1'kD, spiclk):

fdecl0 a0 (data,spiclk,done, 1'k0,data ouat)

endmodule



“timescale lns f 1lps
module ade spi(clk, enakle, control kit, cs, done, miso, mosi, data):;

input clk, enabkle, miso;
input [3:0] control bit;
output reg cs, done, mosi;
output reg [2:0] data;

parameter H = 4;

reg state = 0;

reg count = 0;

reg bit posout = 3;
reg bit pos = 0;

always @ (negedge clk) begin

if (enakle == 1) begin
case (state)
0: begin
cs <= 0}
done <= 0;
mosi = L1;

state <= state + 2'kO0OL;

count <= count +

data <= 0;

end
1l: bkegin

if (count < 4 ) bkegin
cs <= 0;
done <= 0;
mosi = control bit[bit posout]:
bit posout = kit posout - 3'bO0L;
count <= count + S'hO000L1l; f/4
state == 1;

end




3:

else begin
cs <= 0;
done <= 0;

mosi = control bit[kit posout]:;

bit posout = bit_posout - 3'BO0OL;

count <= count + 5'kLO00D0L; f/5
state <= state + 3'khO0OL;
end

begin

if (count < 2) begin
c3 <= 0;
done <= 0;
mosi = 0;

state <= 2;

count <= count + 5'kOCO0CL; end
else begin

c3 <= 0;

done <= 0;

mosi = 0;

state <= 3;

bit pos = 5'b10001 - count;

data[kbit_pos] <= miso;

count <= count + S5'bO0O0OO0L;
end

end
begin

if (count < 17) begin
c3 <= 0;
done <= 0;
mosi = 0;
state <= 3;
bit pos = 5'R1000L - count;

data[bit_pos] <= miso;

count <= count + S5'bBO00COL:end
else bkegin

-



end
els

fir

cs <= 0

done <= 1

mosi = O

state <= state + 3'bO0OL;
bit pos = 5'b1000L - count;

data[bit_pos] <= mi=so;

count <= count + S'kROCOOL:

end
end
41 bkegin
if (count == 12} kegin
[a2] <= 1;
done <= 0;
mosi = O

state <= 0O
count <= 0
bit posout = 3;
end
end

default: begin
cs <= 0;
state <= 0;
count <= 0;
done <= 0;
end
endcase

e begin
eset

cs <= 0;
state <= 0;
count <= 0;
done <= 0;
data <= 0;

end

end

endmodule



module clk div

#1
parameter WIDTH = 3, // Width of the register reguired
parameter N = 2Z50// & We will divide by 12 for example in this case

)

(clk,reset, clk _out):

input clk:
input reset:
ocutput clk out:

reg [WIDTH-1:0] r reg = 1'k0;
wire [WIDTH-1:0] r nxt;
reg clk track = 1'kO;

always @ (negedge clk)

begin
if (reset)
bkegin
r reg <= 0;
clk track <= 1'b0;
end
elge if (r nxt == N}
begin
r reg <= 0;
clk track <= ~clk track:
end
else
r reg <= r nxt;
end
aszgign r nxt = r reg+l'bl;
aszgign clk out = clk track:

endmodule



“timescale Inz f lps

module £dcll(a,clk,en, reset,v) !

input [2:0] a:

input clk,en, resct;

output [2:0] wv:
fdeel dl(v[0],clk,en,reset,a[0]):
fdecel d2(v[lL],clk,en,reset,al[l]):
fdecel d3(v[2],clk,en,reset,al[2]):
fdecel d4(v[3],clk,en,reset,al[3]):
fdecel dS(v[4],clk,en,reset,a[4]):
fdeel de(v[S],clk,en,reset,al[5]):
fdeel A7 (v[c],clk,en,reset,al[c]):
fdecel dB(v[7],clk,en,reset,al[7]):
fdeel d9(v[2],clk,en,reset,a[3]):
fdeel dlO(v[2],clk,en,resct, al[%]) ;!

endmodule

“timescale Inz / 1ps

module fdcel (gq,clk,ce,reset,d);
input d,clk,ce,reset;
output reg d:

initial begin g=0; end

always B (negedge (clk)) begin

if (reset

g <= 1'hb0;
else if (ce)
g <= d;
else
g<= q ;
end

endmodule
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“timescale 1lns S lps
module pwm top(clk, pwm in, pwm out);
input clk;

input [7:0] pwm in;
output [L:0] pwm out;

wire clk_out;
reg[7:0] counter PWM=5'dO;

clk div clkO(clk,l'bO

2y clk_out)
defparam clk0O.HN = S

.

always @ (posedge clk out)

begin
begin
counter PWM <= counter PWM + 2'LOCOOOOOL;
if (counter PWHM>=253)
counter PWM <= O;
end
end
assign pwm out[0] = counter PWM <= pwm in ? 1'kbl:1'b0;
assign pwm _out[l] = counter PWM >= pwm in ?1'bR1:1'LB0;
I

pwm_high pwmO (clk diwv, data, pwm tmpd) ;
pwm_low pwml (clk div, data, pwm tmpl):;

fd al(clk div, 1'b0, 1'bl, pwm _in, data):
clock diwv prescaler(clk, clk diwv);

assign pwm_out = (speed_sel == 1'bl) ? pwm_tmpl:pwm_tmpl:
*f

endmodule



module clk _div

#i

parameter WIDTH = 3, // Width of the register reguired

parameter N = 250// € We will divide

)

(clk,reset, clk out);

input clk;
input reset;
output clk out:

reg [WIDTH-1:0] r reg = 1'h0;
wire [WIDIH-1:0] r_mnxtc;
reg clk track = 1'bd;

always @ (negedge clk)

begin
if (reset)
begin
r reg <= 07
clk _track <= 1'b0;
end
else if (r nxt == N)
begin
r reg <= 0;
clk track <= ~clk track;
end
else
r reg <= r_ nxt;
end
assign r nxt = r_ reg+l'bl;
assign clk_out = clk track;

endmndulﬂ

by 12 for example in this case
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“timescale lns f ;pd
module position top (speed sel, stop_flag, pwm, hall, high side,low_side):

input speed sel, stop_flag:

input [1:0]pwm;

input [2:0] hall:

output reg [2:0] high =side,low side;

ffwire [2:0] hall dff;
ffwire speed sel dff;

fffdcl0 4ffo (hall,clk,l1'bl,1'b0,hall dff):
Sifdoel dffl (speed_sel dff,clk,1'bl,1'b0,speed sel);

always@:speed_sel or hall or pwm or stop_flag)
if (stop_flag)
begin
high side <= 3'b000;
low_side <= 3'b0O00:
end
else
begin
case ({speed_sel,hall})//CBR, speed sel 0 = cw
4'b0 001 : begin //0 =2
high =ide[0] <= pwm[l];
high side[l] <= 1'b0;
high =side[2] <= 1'h0;
low_side <= 3'0Ll00;/* complimentary
low side[0] <= 1'k0O;
low_side[l] <= 1'b0:
low _side[2] <= pwm_out; w
end
4'kb0 011 : begin

high side[0] <= 1'hb0;
high side[l] <= pwm[l]:
high side[2] <= 1'b0;
low side <= 3'bl00; /*
low side[0] <= 1'k0;



4'p0_01

low side[l] <= 1'bO;

low side[2] <= pwm _out;

end
0 : begin
high side[0] <= 1'hb0;

high side[l] <= pwm[Ll]:

high side[2] <= 1'b0;
low side <= 3'b0O0L;/*

low side[0] <= pwm out;

low side[l] <= 1'bO;
low side[2] <= 1'bO;
end

4'b0_110 : begin

4'b0_10

4'b0_101

high side[0] «= 1'b0;
high side[l] <= 1'b0;

high side[2Z] <= pwm[Ll]:

low side <= 3'b0O0L; /*

low side[0] <= pwm out;

low side[l] <= 1'bO;

low side[2] <= 1'b0; */

end

0 : begin
high side[0] <= 1'hb0;
high side[l] <= 1'h0;

high side[2Z] <= pwm[Ll]:

low side <= 3'b0OL10;/*
low_side[0] <= 1'k0O;

low side[l] <= pwm _out;
low side[2] <= 1'b0; */

end
begin
high side[0] <= pwm[l]:
high side[l] <= 1'h0;
high side[2] <= 1'h0;

low side <= 3'b0OL10;/*
low side[0] <= 1'bO;

low _side[l] <= pwm_out;
low side[2] <= 1'b0; */

end

o



begin //0 =

high side[0] <

high side[l] <=

high side[2] <=

low _side <= 3'b
end

'bl 011

1 =%

'bl 001

[

1 =%

begin
high side[0] <=
high side[l] <=
high side[2] <=
low _side <= 3'b
end
'bl 010

1 =%

begin
high side[0] <=
high side[l] <=
high side[2] <=

lDw_side <= 3'b0

end

[1=%

begin
high side[0] <=
high side[l] <=
high side[2] <=

lDw_side £= 3'bl

end

[1=%

begin
high side[0] <=
high side[l] <=
high side[2] <=

lDw_side £= 3'bl

end
'bl 101

[1=%

begin
high side[0] <=
high side[l] <=
high side[2] <=
low_s=ide <= 3'b
end

default: begin

1'hi;
1'hi;
pwm[O] ;

TR
Lz

1'hi;
1'hi;
pwm[O] ;

| =
-

pwm[O] ;
1'hi;
1'hi;

|-
-

pwm[l]:
1'hi;
1'hi;

i =
LT

1'hi;
pwm[l]:
1'hi;

i =
LT

1'hi;
pwm[l]:
1'hi;

01 -
LN -

high side <= 3'k000;

low side <= 3'b000
end

endcase

end

endmodule

I3
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module select_pos(clk, adc, stop_flag,speed sel);
input clk;
input [5:0] adc:

cutput reg stop flag, speed sel;

alwaysE (posedge clk)

begin
iff{adec > 10'bCO1 1111 1110 && adc < 10'bl0O 0000 0001
begin
stop_flag <= 1L'bl;
end
else
stop_flag <= 1'b0;
end

always@ (adc)
kegin
case({adc[2]1})
1'kl : begin /0 =4

gspeed sel <= 1'bl;
end
1'b0 : begin
speed sel <= 1'b0;
end
endcase
end

Endmodulﬂ
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“timescale 1ns [/ 1ps
module control top(clk, hall, mosi,miso,spiclk,cs, high side,low_side):

input clk;

input miso;

input [2:0] hall:;

outpuat mosi,spiclk,cs;

output [2:0] high side, low_side;

wire [2:0] adc wvalue;
wire done;

wire speed_sel;

wire stop_flag:

wire [1:0] pwm out;

adc_top adc(clk,l'bl,mosi,miso,spiclk,cs,done,adc_value) !

pwm_top pwm(clk, adc value[Z:1], pwm out):;

position_top pos(speed sel, stop_flag, pwm out, hall, high side, low_side);
select_pos sel pos(clk, adc wvalue, stop flag,speed sel):

endmodule
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‘timescale 1 ns / 10 ps

module control bBlde thi():

reg clk;

reg [2:0] out hall;
reg [9:0] out_adc = 10'dz10;
wire [2:0] high side, low_side;

reg [2:0]

integer i =
integer pericd hall:

hall [0:5]:

a, 3 = 0:

control top DUT (clk,

always
begin

clk = 1'kl;

#500;

clk = 1°'b0:;

#500;
end

J/array hall position

initial begin

hall[0]

hall[l]

hall[2]

hall[3]

hall[4]

hall[5]
end

3'b001;
3'b011;
3'b010;
3'bl110;
3'b100;
3'b101;

initial begin
period hall = 20 _000_000;

for(i=0;i<24;

i

out_hall, out_adc, high side,

=i 4+ 1) begin

low_side);



out adc <= out _adc + 45;
for(j=0:; j< & ; j= 3J+1) begin
out_hall <= hall[j]:
$10000000;
if (period hall>2000000) begin
period hall = period hall - 170000;
end else begin
period hall = 1830000;
end
end
end

if (period hall == 1530000) begin
out adc <= 10'ds20;
for (i=24;i<50; 1 = 1 + 1) kegin
for(j=0; j< & ; j= Jj+1) begin
out hall <= hall[j]:
$#10000000;
end
end
end
end

endmodule



