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ABSTRACT
Article history
Received: 27 May 2021 In this study, a high power (75 kW) original driver and control algorithm has been developed
Accepted: 24 October 2021 for an electric passenger vehicle whose features can be used practically. It has been observed
that some problems occur in the operation of the developed control algorithms in traction
Keywords: systems operating at high power. In this study, the solution methods of these problems are
Brushless DC (BLDC) Motor; included. Firstly, the simulation model of an electrical vehicle was obtained by determining the
dSPACE; Electric Vehicles (EV); basic parameters for a passenger electric vehicle. Then a brushless DC motor and drive system
MATLAB/Simulink Model; was determined for the electric vehicle and an original 75 kW DC-AC Converter (Inverter)
Fuzzy Logic Control; PID in accordance with automotive standards has been designed and tested for the Brushless DC

motor. Also, in the design and implementation phase, PID and Fuzzy control-based vehicle
control software was developed in MATLAB/Simulink environment on the purpose of rapid
prototyping and loaded on the DS1401 dSPACE based control system. It has been seen that
through rapid prototyping, the appropriate controller development cycle time for the vehicle
drastically reduced, which significantly has reduced the research and development costs.
In the vehicle control algorithm, speed information is used as a reference input and brake
information is used as feedback. The control signal generated by the controller is converted into
PWM pulses for each phase and applied to the IGBT driver. These PWM pulses were used to
switch the six IGBT power components used in the three-phase full-bridge DC-AC converter.
Driving performance at the design stage has been studied for cases of starting, speed, reversal
and load failure. Simulation and experimental results demonstrated the effectiveness of the
driver and drive control system that were originally developed. When the system response
was examined, it was revealed that the fuzzy logic control algorithm presented much better
results than the PI and then the PID control algorithm. Simulation results and application
results were consistent with each other and the system performance was successfully tested.
Many protection circuits have been designed and configured in the system, with the control
algorithms developed according to the problems arising in the operation of high-power
systems, hardware add-ons for the operation of the high power (75kW) power-train. Safety
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and security infrastructures have been developed in both hardware and software for the
appropriate certification in automotive standards.

Cite this article as: Ali B, Omer A. Modeling of a brushless dc motor driven electric
vehicle and its pid-fuzzy control with dSPACE. Sigma ] Eng Nat Sci 2023;41(1):156-177.

INTRODUCTION

Today, all the world countries have focused on new
technologies for reducing the environmental pollution
caused by the increase in fuel fossil-derived energy con-
sumption and reducing the oil-derived fuel dependence.
In the direction of the efforts in this, especially in recent
years, most automotive manufacturers have increased their
research and development activities on electric vehicles.
These efforts in automotive technology indicate that the
studies that started with hybrid vehicles are almost com-
pletely moved to electric vehicles today [1-3].

It is seen that the priorities of automotive companies
working on electric vehicles agree on two aspects. The first
of these two important issues is energy planning and the
other is energy efficiency.

Increasing the efficiency of electric motors and drivers,
reducing their losses such as switching, transmission etc.
and keeping energy consumption at the minimum level
are among the most important issues. Moreover, it is very
important to choose the correct control method of these
motors and their drivers and to write the control algorithm
well. These issues will lead to an increase in the distance
traveled by the vehicle and a decrease in unit energy con-
sumption per km. It is observed that automotive companies
focus on these issues [4-7].

Automotive companies producing electric vehicles
tended to use Brushless Direct Current (BLDC) motor,
which has positive features such as high efficiency, high
momentum, low volume, and weight structure. BLDC
motor using high energy permanent magnets is rapidly
becoming widespread in applications. Technological devel-
opments in motor design lead to the development of control
methods and control algorithms of these motors. [7-10].

One of the key points of this issue is to determine the
parameters of the vehicle to be designed as an electric vehi-
cle such as weight, acceleration, and the slope it can climb.
As a result of the determined parameters, vehicle modeling
should be done and the power to move this vehicle should
be identified. Then, according to the determined power,
bus-bar voltage and current selection, electric motor type
selection, motor driver topology, which is appropriate for
this motor, then the design of the control unit that will con-
trol this system and the software should be realized.

In the simulations performed in this study, creating a
more realistic vehicle model based on real vehicle param-
eters and obtaining the mathematical model of the BLDC

motor used in the most accurate way are the important
points of the study. Brushless DC motors, which are among
special electric motors, have a trapezoidal back EMF wave-
form due to their magnetic design, and the current wave-
form is not sinusoidal. However, in some simulation studies
given in the literature, the back EMF model is considered as
sinusoidal and analyzes and simulations are made accord-
ingly. However, Considering the back EMF model in a
trapezoidal shape and making analysis and simulations
accordingly is a more correct approach. While vector
control method can be applied to brushless synchronous
motors with sinusoidal current and voltage waveforms, vec-
tor control method cannot be applied to BLDC motor due
to its structure [11]. Another important point for simula-
tion is that in the numerical solutions of the motor model
the calculation error is minimized. For this purpose, it
is aimed to obtain an effective solution in the simulation
model of BLDC motor using discrete-time controller.

Calculations made on the vehicle dynamic model
showed that the nominal power of the vehicle should be
75kW. Motor selection and drive systems were designed
accordingly. The original design of the power electron-
ics driver circuit with a power of 75 kW was realized, and
then the nominal voltage value of the accumulator group to
be used due to the nominal bus-bar voltage of the electric
vehicle was determined as 375V. The original 75 kW liquid-
cooled, fully controlled three-phase DC-AC HIL converter
set was used and loaded for tests.

The control algorithms were developed in MATLAB/
Simulink environment and the control algorithms were
uploaded to DS1401 dSPACE MicroAuto-Box used in the
application. Here, the dSPACE infrastructure enables the
development of the control algorithm by changing the
parameters of the real-time system.

With the control software designed in MATLAB/
Simulink environment, trigger pulses required to operate
the switching components of the three-phase fully con-
trolled bridge converter are generated. Hall-effect sensors
were used to determine the BLDC motor rotor position.
These Hall-effect sensor signals, phase current detection
signal and speed command are applied as the inputs of the
digital controller. Both current and speed PI, PID and Fuzzy
logic controllers are designed in the MATLAB/Simulink
environment. Testing of the real-time system has been suc-
cessfully performed by loading the control algorithms into
the dSPACE processor. All of these operations are based on
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the latest literature studies and new technological develop-
ments on these issues.

Many methods have been applied for Fuzzy Logic
Control of BLDC motor such as Fuzzy logic with self-
tuning, Fuzzy Sliding Mode, Fuzzy logic with self-tuning,
Fuzzy Sliding Mode Control (FSMC) etc.

Bin Wu [12] used an Fuzzy logic control with self-tun-
ing method of BLDC motor; it combines the ANN and PSO
methods to produce the Membership Function parameters
of Fuzzy Logic. The resulting steady state error is very low
compared to the PI and FLC methods. Premkumar, K.
and Manikandan [13] used an Bat Algorithm Optimized
Fuzzy Proportional Derivative method; BLDC motor speed
control system design with simulation using MATLAB/
Simulink and Sim power system tools. The optimization
results are then compared with several other methods to
obtain the best control result. The proposed control sys-
tem provides a drastic improvement in measuring perfor-
mance and better noise compensation than other methods.
Chico A.H.B etc. [14] used an Fuzzy PI Controller method;
Constant speed and variable speed tests of four switch
converter designs were performed for BLDC motor drives
using Fuzzy control with PI control parameters. Agrawal,
S. And Vivek S. [15] used an PSO-Fuzzy method of BLDC
motor; The combination of PSO and Fuzzy can provide
better performance compared to conventional / PI meth-
ods. Wang, H., P. etc. [16] Fuzzy adaptive PID Controller
methods; The proposed control method can increase the
effectiveness of BLDC motor, where this control can be a
solution to several problems that are difficult to overcome
with conventional methods. Davoudkhani, L.F. and Akbari,
M. [17] Interval Type-2 Fuzzy Logic based PID Controller
(IT2FLPIDC) methods of BLDC motor; IT2FLPIDC can
solve problems of uncertainty and variations in working
conditions. The test results of the proposed system were
then compared with the PID and Type-1 methods, and the
results showed that IT2FLPIDC provided superior perfor-
mance and response compared to the two methods. Wang,
Z.S. etc. [18] Variable Universe Fuzzy Adaptive PID Control
System of BLDC motor; The design of the BLDC motor
speed control system uses PID adaptive universal variable
control. The test is carried out on MATLAB / Simulink with
a series of double closed-loop speed regulations which then
performs performance analysis. The PSO algorithm is then
applied to identify the optimal scaling factor.

These improved control algorithms have not been
experienced in high power traction systems and the con-
trol software has not been redesigned to solve power elec-
tronics problems. Solution suggestions for the problems in
high power applications are given. Hardware and software
developments have been made to solve the power electron-
ics problems that occur when the vehicles BLDC motor
slows down and brakes. The developed system was run on
the HIL system and passenger car. It has been observed that
the BLDC motor causes damage to the Back-EMF power

modules that occur when the vehicle slows down, stops
and the vehicle goes down the ramp. For this, protection
diodes are added to the power semiconductors, snubber
capacitors are added to the inputs of the power semicon-
ductors, DC-Bus capacitors are connected to the DC-Bus
with the appropriate bus-bar, and a resistor that can be con-
trolled via another power semiconductor is connected to
the DC-Bus. DC-Bus and currents drawn from each phase
are measured with current sensors. The control software
switches the DC-Bus power semiconductor on when the
measurement of the current sensors reaches the critical
limit for the circuit. In addition, in case the BLDC motor is
slowed down or stopped, the power semiconductor on the
DC-Bus is transmitted during this time, and the back-EMF
is converted into heat over the resistor.

MODELLING OF ELECTRIC VEHICLE AND BLDC
MOTOR DRIVE SYSTEM

The general model of the electric vehicle was realized in
MATLAB Simulink program according to the basic vehicle
parameters. Major forces acting on a vehicle are; aerody-
namic drag force, rolling friction resistance force and slope
resistance force. If the vehicle is accelerating, the accelera-
tion force will come in addition to these forces. In Figure
1 below, force components affecting the vehicle are given.
Also, vehicle parameters considered in the study are shown
in Table 1 below. Simulink model of the vehicle is shown in
Figure 2. When he controls signal is at its maximum value,
the motor average voltage should be selected as the bus-
bar voltage. The internal structure of the vehicle model is
shown in Figure 3.

BLDC motor model is similar to a conventional
Brushed DC motor model under certain assumptions.
BLDC motor’s effective torque and speed control are based
on moment and EMF equations similar to direct current
motor equations. The BLDC motor state space model is a
fourth-order equation that includes motor speed and phase
currents. Output are expressed in terms of state variables
and source voltage. Thus, a set of differential equations
has been obtained for each position depending on the
rotor position by using the general circuit analysis theory.

Figure 1. Force components acting on the vehicle.
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As required by the 120 degrees’ transmission condition of
the brushless direct current motor, while two of the three
phases are in transmission, current flows from all three
phases in the commutation range.

Table 1. Vehicle Parameters

BLDC motor control consists of generating direct cur-
rents for motor phases. The current of the phase winding
entering the segment in accordance with the commutation
is forced to return to the direct current bus-bar by com-
pleting its path through the conjugate diode of the power
switch, and thus it is extinguished.

During an electrical cycle of the system, that is, by
obtaining six-step commutation and transmission equiva-

Parameter Value  Unit L E R e lent circuit, state space differential equations modelling
m 1600 kg Vehicle mass the motor are produced with the help of circuit analysis
w 4 * Number of wheel theory.
Jt 1,140 kg.m? Moment of inertia of a wheel Figure 4 shows the drive system of BLDC motor. As it
Bt 0.010 Nm.s/rad A tiré’s viscous friction is seen from Figure 4, the motor and inverter block con-
Crr 0’ 010 . Tire rolline resistance sist of three phase winding resistors, inductances and back
’ , ) ] g EMFs. As it is seen in Table 2, the commutation ranges of
Ro 1,293 kg/m Air density the system were determined with six triggering pulses and
Cx 0,120 * Aerodynamic coefficient the state-space equations of the operating states were devel-
A 1 m? Vehicle cross section oped as shown below [19-20].
Rt 0,265 m Tire effective radius As seen in Table 2, the equations for forming of the
02967  rad Slope mathematical model in the transition from S5-S6 feeding
g 9,810 m/s? Gravitational acceleration step to S1-S6 step are as follows:
u 1 * Gear Rotation Ratio
Va - - Velocity i, +i, +i. =0 (1)
mg - - The force of gravity
Fad - - Wind resistance ] )
Fhc - - The reverse force due to the 0=Ri +(L _|_M)ﬂ +E —E, —Ri, —(L+ M)ﬂ 2)
slope. dt dt
w_m (rodnlL
o . > Ve
n frpem) B
- Vehicle Velocity [ovs) B
J . > . v =
Va »
- Vehicle Velocy kmt] D
1 > Siope
Motor wr
Vehicle Model (Motor+Load)

Figure 2. Vehicle general model.
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Figure 3. Internal structure block of the general vehicle model.

Table 2. Conduction of switch pair with rotor position

Retor Position | Conduction of Switch Pair
] Fs

=l =

2 <0 <3 S51.56

5 S

5(’ <?

S1.52

o <X

V, =Ri, +(L+M)di+Ea —E,—Ri, —(L+M)di (3)
dt dt
While S2-S6 semiconductor switches in Figure 4.b are
in transmission, that is, equations numbered (1), (2), (3) are
functional during the commutation period. When S1-S6
semiconductor switches are in transmission, current does
not flow through the C phase and the following equation
numbered (4) realizes. In this case, equation numbered (5)
is obtained according to the new values of I and I,. The fol-
lowing two equations are functional during the transmis-
sion period.
i +i,=0 4)

di di,

V, =Ri, +(L+M)ﬁ+Eu—Eb—Rib—(L+M) o (5)

In order to the mathematical model is completed at this
step of the system, it is necessary to write the differential
equations for motor mechanical model. The differential
equation associated with the mechanical analysis side of
electrical and mechanical analysis, expressed by equation
(6)-(8), is valid for all feeding steps. The meanings of the
symbols used in the equations in all mathematical expres-
sions are shown in Table.3.
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Figure 4. a) State space model circuit when S1-S6 in conduction, b) State space model circuit when S2-S6 in conduction
(commutation).

Table 3. Motor Parameters

Mm—My:jj—c:—ka (6)
Nomenclature
v, Applied Phase Voltage o .
E Back EMF E:m@’" —M,—(B, +By)w (7)
i Phase Current "oy
R Phase Resistance
L Self-Inductance M, (t) = ki, + ki, + ki, (8)
w Angular Speed
B Viscous friction constant The equivalent ] and B values seen in the above expres-
i Moment of Inertia sionsare J=] + ]y and B= B +B
T Load Torque Anal?rtic.al correlations of the voltages- induced. in each
y phase winding are defined for each feeding step in order
M Output Torque the state space model of the whole system to be completed.
Ve

s > e

Figure 5. BLDC Motor Model.
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Figure 6. Load model.

The current equation is given for a brushless dc motor as
Equation (9).

_B 0 0
i) | L i, (1)
dl. R .
_lz(t): 0 i 0 lz(t)+
i Lol
1
3 0 0 _B 3
L
_l () 0
L X V| fe
0~ 0 |V-le® O
1 Va es(t)
0 0 ——
L

Detailed block diagram of the BLDC motor is shown
in Figure 5. Here, a current limiting block with a value 1.5
times the nominal motor current was placed at the output
of the motor impedance block. The maximum current that
the direct current source can give or the current limit of the
driver circuit can be modeled with this limiting block.

When the gearing ratio is 1, all forces acting the vehi-
cle and the load moment affecting the motor shaft can be
modeled as in Figure 6. Here, the tire rolling resistance is
indicated by a constant block as it is a constant force. The
fen function block, which is connected to the tire rolling

Table 4. Parameters of the BLDC motor and power system

Parameter Value Unit Definition

V_Buss 375,0 Volt Busbar Voltage

Lq 0,6 mH 2 phase inductances

Rq 0.1634 Ohm 2 phase resistance

Kp 1,55 Nm/A Moment Constant

Ki 1,55 Volt.s/rad  Back EMF Constant

Jm 0,341 kg.m? Motor Moment of Inertia
In 200 A Nominal Current

Pn 75 kw Motor Power

resistance force output, is a function block that will activate
the function when the vehicle speed is higher than zero. All
parameters such as aerodynamic friction, the vehicle mass,
the slope of the road on which the vehicle is driven, tire
rolling resistance, wheel diameter and the desired reference
speed information were included in the calculations in the
load model.

ELECTRIC VEHICLE CONTROL SYSTEM

In consideration of the requirements for the vehicle,
the necessity of a 75kW drive power has emerged and the
BLDC motor required for this has been determined and
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Figure 7. Electric Vehicle Model with the Current Controller.

(Kp_i+Ki_ijz-Kp_i

z1

Current Controller

O

Scope

Figure 8. Internal structure of discrete current controller block.

its parameters have been obtained. Current voltage values
of suitable switching components that can be used in the
power stage that will drive this electric motor have been
determined. For this purpose, 375V has been preferred
for the feeding voltage of the 200A switching element. The
parameters of the motor and power system are given in
Table 4.

Current Control with PI Controller of BLDC Motor

The vehicle model is arranged according to the current
controller as seen in Figure 7. The error signal was calcu-
lated with the current feedback signal from the electric
motor and the reference signal. These formed the inputs of
the discrete controller. The zero-order hold and the discrete

signal at the controller output have been continuously
applied to the system. The sampling time of the block was
adjusted from the “summing” block parameters, which take
the difference of the feedback signal coming from the con-
tinuous system and the continuous reference signal, and a
discrete error signal was created.

The feedback signal coming from the current controller
block should be scaled and given to the controller input.
Figure 8 shows the internal structure of the current control
block. The current error value is obtained by subtracting
the feedback current (Ifd) value from the reference current
{1, ef) value.

The step response of the current control system is given
in Figure 9. In the figure, it is showing the blue-colored
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curve as the reference current, the green-colored curve as
the output current and the red-colored curve as the discrete
error signal. Steady-state error may occur if momentum
is not applied to the motor in the current control system,

Figure 9. The step response of vehicle model.

especially at high current references. This can be seen when
the acceleration is very close to zero after the vehicle speed
reaches its maximum value. Since the vehicle does not
accelerate, the momentum applied to the motor shaft will
decrease, so the motor will draw less current. The controller
will need to increase the motor’s control signal in order to
reach the requested reference value (the accelerator pedal
of the vehicle). First of all, PI controller was used in the
current control block and the controller will take the con-
tinuous integral of the increasing error due to its structure
and the control signal will gradually increase. But since the
control signal will be saturated after a certain value, wrap-
ping will occur after a while. To prevent this situation, an
unwrapped controller should be created.

In the PI controller, the constrained control signal
is subtracted from the unconstrained control signal and
multiplied by an appropriate coefficient and added to
the control signal coming from the integral term. Thus,
when the winding is formed, the control signal created by

O ,

e

u_presat

Kp |

I_ref

,,Q,<.
1
|

Q——
U]

Figure 10. PI controller structure.

, T
w * N ’u | "ref -
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'f;—/"—; F(2) ;bleM

I,
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H

Figure 11. Speed controller block diagram in cascade structure.
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Figure 12. Vehicle model with cascade velocity and current controller.
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Figure 13. PI speed controller.

the integrator will decrease and the effect of the winding
will disappear. Controller structure can be created as in
Figure 10.

In this structure, if the signal between the input and out-
put of the restriction element is the same, in other words,
if the control signal is not saturated, the difference between
these two signals will be zero and there will be no change in
the controller’s act.

PID based BLDC Motor Speed Control

Driving at a constant speed is important for energy efhi-
ciency in electrical vehicle. The energy consumed by a vehi-
cle while accelerating is much more than a vehicle traveling
at a constant speed. Various cruise control systems, which
provide constant speed in vehicles, save energy by trying
to drive the vehicle at the demanded reference speed. This

structure gives a torque reference to the system in electric
vehicles as well as in internal combustion engine vehicles.
The cascade speed controller sends the torque reference it
creates to the current controller to keep the vehicle at the
desired reference speed. The cascade control structure cre-
ated in this study is shown in Figure 11.

Parameters proportional (P), integral (I), derivative (D)
[21] connected in parallel will produce PID control. The
transfer functions of the PID control are as equation 10.
In industrial and automotive applications, PID controllers
expressed as equation (10) are effective controllers that are
widely used in the time unvarying linear system [22-25].

u(s):[Kp+%+s K, 1E(s) (10)
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Here is defined as T is the sampling period. Also, as
can be seen from equation (10), the design parameters of
the PID controller are specified with the expressions of
proportional gain (Kp), integral gain (Ki) and derivative
gain (Kd). PID control has the characteristics of increasing
the rise time, reducing the steady-state error, and reduc-
ing oscillations [26]. PID control structure was designed
by assuming the derivative term gain as zero in the above
equation. The controller must contain an integral term so
that the system does not generate a steady-state error due
to the distortionary load effects that cannot be added to
the forward path model. It will be enough to design a PI
controller according to the 1st degree transfer function
Figure 14. The vehicle’s response to step input. obtained.
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Figure 16. Simulink model of the BLDC motor controller.
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Figure 17. PID control of the BLDC motor.

The system pole may be displaced due to changing iner-
tia and viscosities. The controller to be designed must be
resistant to variations in the model. In discrete time con-
troller design, a zero is assigned to the left side of this pole
in order to eliminate the effect of the pole that is very close
to z=1 of the system. In the design made with pole and zero
assignment with the help of MATLAB SISO tool, the dis-
crete time controller was selected with this way below;

z—0.987
z—1

F (z)=100 (11)

If this function in the equation (11) is rewritten accord-
ing to Kp and Ki values, the equation (12) is obtained.

2K, +K)-K,

~—1 (12)

Plz

In this study, the best value selected as optimized was
found through experimentation in the simulation. Kp and
Ki coefficients were found as K =98.69 K =1.3,

In the system model created in MATLAB/Simulink
environment, the cascade structure can be completed by
bringing a speed controller in a way to give to reference the
current control block. For the speed controller, the feedback
received from the motor speed must be scaled and sent to
the speed controller. Due to the sampling frequency of the
speed control system is different from that of the Current

control, “Rate Transition” blocks in MATLAB Simulink are
used. The ratio between two sampling frequencies is 1000.

The controller block is completed by arranging the
unwrapped controller structure as shown in Figure 12
and its internal structure as shown in Figurel3. The step
response of the system with the obtained control param-
eters was as shown in Figure 14. The reference input is rep-
resented by the blue curve and the response output of the
system by the green curve. The error between the reference
value and the output of the system is represented by the red
colored curve. The error is determined by the difference of
the actual velocity and the reference.

Simulink model of BLDC motor was realized as seen in
Figure 15. Simulink model of the BLDC motor controller is
designed as shown in Figure 16.

Then as second controller, PID control of the BLDC
motor is designed as in Figure 17. Kp, Ki, Kd values,
which give the best results in BLDC motor PID controller
design, were determined as Kp = 98.69, Ki = 1.3, Kd = 1 by
experiments.

By creating transform blocks in MATLAB/Simulink
environment, position and velocity data are obtained by
using motion, velocity equations. The torque data of the
motor is obtained by phase currents. Sub-blocks are used
to create the simulation model such as equations of motion,
motor coefficient equations, phase currents, phase voltages,
motor parameters.

The performance results of the BLDC motor obtained
by simulation are shown in Figure 18. Figure 18(a) shows
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Figure 18. Performance results of the BLDC motor by simulation.
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the change electrical moment versus time on Phase A.
Figure 18(b) shows the change total moment versus time.
Figure 18(c) shows the change velocity (speed) versus time
for a reference speed of 600 rpm of BLDC motor. Figure 18
(d) shows the simulated motor current and back EMF in
phase A for a starting transient under PID control, based
on Equation (1)-(9) with non-zero rotor flux for a constant
load. Likewise, back-EMF and current graphs of phase B in
figure 18(e) and phase C in figure 18(f) are shown.

Speed Control with Fuzzy Logic Controller of BLDC
Motor

The desired reference speed is applied to the system with
the accelerator pedal of the vehicle. The voltage applied to
reach this reference value is adjusted to control the speed of
the BLDC motor. The difference between the actual speed
and the reference speed is called the error. The applied volt-
age is changed by increasing or decreasing the duty cycle in
order to minimize the error of power semiconductors.

In this study, fuzzy logic controller has been applied
to the general model of BLDC motor in the MATLAB/

Table 5. Membership function label.

Membership Function Notation
Positive Big PB
Positive Small PS
Zero Environ ZE
Negative Small NS
Negative Big NB

>

Figure 19. The proposed fuzzy logic control circuit.

Simulink Fuzzy Logic Toolbox. The proposed fuzzy logic
control circuit is shown in Figure 19. The fuzzy logic pro-
cess takes place in three steps, which are fuzzification, infer-
ence and defuzzification are performed using the MATLAB
Fuzzy Logic Toolbox. In the study, the five labels in Table 5
for each input value in the fuzzification process are defined
as membership functions. The fuzzy speed controller of the
BLDC motor contains two separate blocks of rules. The
inputs of the first block are the speed error (e) is shown in
Figure 20 and the change in the speed error (ce) is shown
in Figure 21. The output of the first block is the calculated
voltage change (cvi) is shown in Figure 22 which is also
the input of the second block. Another input to the second
block is the highest line current (i) is shown in Figure 23 of
the motor at that moment. The output of the second block
is the applied voltage change (kcv) [27].

The determined speed rule bases of Fuzzy logic control
structure are shown in Table 6, and the current rule bases
are shown in Table.7. The rule base of the fuzzy logic sys-
tem is realized by creating IF-THEN rules [28]. The fuzzy
speed controller of BLDC motor includes two separate rule
blocks [29].

In the fuzzy logic speed control system, even if the
load variances, the BLDC motor’s speed will operate in the
steady state at 500 rpm (reference speed). This restriction
is provided through the fuzzy logic controller. The error is
calculated by subtracting the reference speed and the cur-
rent speed. The error variance is calculated by considering
the difference between the current error and the error of the
previous sampling period. Based on the error and the error
variance, the first block of the fuzzy logic controller calcu-
lates a voltage variation (cvi). The second block of Fuzzy
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Figure 20. Membership functions in regards to the speed
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Figure 21. Membership functions in regards to the speed
error variance (ce).

Table 6. Fuzzy Logic Controller speed rule

Figure 22. Membership functions in regards to the variation
of calculated and applied voltages (cvi).
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Figure 23. Membership functions in regards to the current
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Table 7. Fuzzy Logic Controller current rules

e\ce NB NS ZE PS PB il\cvi NB NS ZE PS PB
NB NB NB NB NS NS UR NB NB NB NS NS
NS NB NB NS NS NS R NB NB NS NS NS
ZE NB NS ZE PS PB

OR NB NS ZE PS PB
PS PS PS PS PB PB
PB PS PS PB PB PB

Control calculates the voltage variation that should be
applied to the BLDC motor by considering the calculated
voltage variation and the current of the BLDC motor. This
procedure is very important to protect the BLDC motor and
prevent the motor overcurrent draw. The center-of gravity
method has been used in the defuzzificiation process.

SIMULATION AND EXPERIMENTAL RESULTS

For practical application, the dSPACE DS1401 Digital
Signal Processing unit was used for BLDC motor Rapid

Control Prototyping. DS1401 DSP working rhythmically
with MATLAB/Simulink blocks is transmitted to the pro-
cessor as hex code by converting Simulink blocks directly
to C code.

Additionally, the system has been producing the con-
trol signals required by the signal processing procedure,
as well. DS1401 system can be directly connected to our
computers via Ethernet connection and can operate the
MATLAB/Simulink blocks we developed by recognizing
the hardware. In the MATLAB/Simulink structure, these
system drivers are available and directly seen in the system.
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Figure 24. BLDC motor’s rapid control prototyping block diagram with dSPACE MicroAuto-Box.
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Figure 25. 75 kW liquid-cooled, fully-controlled three-phase DC-AC converter and control system experimental setup.

The I/O definition is made very easily in the section called
Real-Time Interface (RTI). These software blocks can con-
trol the motor driver through DS1401 system CAN-BUS,
RS485 ports.

MATLAB/Simulink blocks are seen in the PID con-
trol system in Figure 15 and Figure 17 and the fuzzy logic

control system in Figure 19. These control blocks have
been loaded into the dSPACE control structure. A real-
time control setup has been created between the prepared
HIL (Hardware in the Loop) system with the power stage
and the PC via dSPACE. Here, HMI (Human-Machine
Interface) interface has been prepared to provide real-time
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Figure 26. PID and Fuzzy Controller Speed-Time Curve.

intervention to the whole system via PC. A GUI has been
designed on the PC to optimize and monitor the controller
parameters real-time.

A very good solution has been created for rapid proto-
typing with this HIL system. The block diagram of this sys-
tem is shown in Figure.24. Developed control algorithms
have been tested with this rapid prototyping. This testing
platform is shown in Figure.28.

Motor modelling was designed using simulation pro-
grams according to the basic parameters of the vehicle,
and the electric motor was selected as a result of the power
calculation. The PI, PID and fuzzy logic controller of this
selected motor (BLDC) was designed with the rapid control
prototyping method. By loading the Simulink model of the
BLDC motor, the fuzzy logic controller was designed and
loaded into this model which was transmitted directly with
a DSP via the DS1401 dSPACE digital signal kit after the
PI and PID controller in a structure that controls the volt-
age and current. Factors such as speed error used in fuzzy
logic control structure, determination of variation in speed
error, calculation of voltage error according to the variation
in speed and speed errors enable to cope with parameter
variations and load disturbances. This type of controller
is more durable and faster than other traditional control
techniques.

PID and fuzzy controller speed-time curve simulation
result of BLDC motor is shown in Figure 26. The simulation
result of PID fuzzy controller response in resistance change
and inrush load curve is shown in Figure 27. In Figure
26 simulation results were taken at 500 rpm motor speed
value, Kp = 98.69, Ki = 1.3, Kd = 1 as a reference. At these
values, the PID controller reached the reference value (500
rpm) in 0.24 seconds and the fuzzy controller reached con-
troller output value in 0.044 seconds. The criterion values
are given in Table.8 by comparing PID, fuzzy controllers.

hm
) i

' -

01 02 03 04 05 06 or o8 03 1
Time(s)

Figure 27. PID and Fuzzy Controller response at resistance
change and sudden load.

Table 8. PID, Fuzzy Controller comparison

Criterion Values PID Fuzzy
Settling Time Ts (sn) 0.24 0.044
Rise Time T (sn) 0.075 0.015
Time difference for Loading At 0.44 0.04
Overshoot (%) 3.7 0
Steady-State Error e 0 0
Steady-State Error While Loading e 0 0.001
Integral Square Error (ISE) 0.0372  0.00732
Integral Absolute Error (IAE) 0.0584  0.0103212

As it is shown in Table 8, it can be seen that a fuzzy
controller successfully controls the BLDC motor and the
model-based programming of DSPs is very simple and
versatile when compared to traditional methods, and the
proposed fuzzy logic controller performs better than the
PI technique. Experimental results show that the proposed
fuzzy logic control method better compensates for the
effects of time-varying load, while reducing steady-state
error more than other methods as time progresses. The tests
of BLDC motor’s PID and fuzzy logic controller algorithms
were applied as a practical application in the electric vehicle
HIL system, as well. As it is seen in Figure 25, “originally
designed 75 kW liquid-cooled, fully controlled, three-phase
DC-AC converter”, oscilloscope, power sources and com-
puter were used as other parts of this HIL system.

The fuzzy logic control method has been observed to
provide better control by updating the control parameters
constantly and repeatedly.

Hence, DC motor in HIL structure in Figure 28, DC
generator, DS1401 dSpace MicroAuto-Box, CAN-BUS
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Figure 28. System motor-generator test platform with
DS1401 dSpace MicroAuto-Box.

Figure 29. 75 kW liquid-cooled, fully-controlled three-
phase DC-AC converter and control system on platform
(car).

Jrag

X1~ 5884 me

Figure 30. BLDC motor phase currents (I, Burgundy, I, Gray, I, Orange), BLDC motor interphase voltages (V,, Blue, V

Green, V , Red).

Communication, PC connections, DC power source, DC
motor driver, liquid cooling system were used.

Figure 29 shows the 75 kW liquid-cooled, fully-con-
trolled three-phase DC-AC converter and control system,
with BLDC motors and gearbox (transmission system)
mounted on the vehicle.

The performance and accuracy of the algorithms have
been tested in practice and BLDC motor phase currents (If1
Burgundy, If2 Gray, If3 Orange), BLDC motor interphase
voltages (V23 Blue, V12 Green, V13 Red) were monitored
with oscilloscope as in Figure 30.

When the BLDC motor slows down, stops and the vehi-
cle goes down the ramp, it damages the back-EMF power

modules. The following measures should be taken for the
safe and stable operation of the developed control algo-
rithms. Firstly, protection diodes should be connected to
the terminals of the power semiconductor as in figure 31.
Also, when back-EMF occurs; The power semiconductor T,
must be turned on and this energy must be converted into
heat on the load resistor R, shown in figure 32. Addition
to this control software can be achieved with an algorithm.
For this, software development was carried out in the study.

Snubber capacitances (Csnubber) should be connected
to the inputs of the power semiconductor modules as seen
in figure 31. Snubber capacitances are used to prevent
overvoltage surges that occur on power switching modules
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Figure 31. Connection diagram of DC-Bus and suppression capacity to power semiconductor (IGBT).

Table 9. Symbols used and their explanations.

Symbol  Description

Chatink DC-bus Capacitance value

Cqbber Snubber Capacitance value

L DC-bus Capacitance series equivalent inductance
R, DC-Bus Capacitance series equivalent resistance
L, Parasitic inductance of the collector

L, Parasitic inductance of the emitter

L., Ly,  Bus-barinterference inductances

R, Load Resistant

T Power Semiconductor (IGBT)

during switching. These snubber capacitances are used as
a low-pass filter in a sense. In the system installation, it is
mounted adjacent to the DC-bus terminals of each power
semiconductor module in order not to increase the stray
inductance value. Correctly calculated R and R, resis-
tors should be used in the design of the power semicon-
ductor driver circuit. These resistors affect the conduction
and cut-off time of the power semiconductor, that is, its
fast switching on and off. It is very important to keep the
BOTtom power semiconductor in cutoff while the TOP
power semiconductor of the power semiconductor driver is
in conduction. In the power semiconductor driver design,

a design should be made to keep the gate voltage of the Bot
Switching semiconductor at -7V and to prevent the power
semiconductor from conducting in the opposite direction.
It is very important to develop the control software in such
a way that it will stop the entire system in case of voltage
cuts and overheating of the system shown in figure 32. The
electrical isolation of the control stage and the power stage
is of great importance for safety. For this reason, opto-cou-
pler in accordance with automotive standards should be
used to provide isolation between the control stage and the
power stage and to transmit control signals optically. It is
important to measure the system temperature values and
the current of each phase and DC-Bus. It is very impor-
tant to monitor the temperature, current and voltages in
the control software, to run the interrupt structure of the
microcontroller with a fault message in case of exceed-
ing the limits, and to stop the system. So the system can
be protected. The source of the errors that will cause the
interrupt; excessive current draw, simultaneous transmis-
sion of TOP and BOTTOM semiconductors, not using die
band, and overheating of the circuit. The explanations of
the symbols used in the circuit diagram shown in Figure
31 are shown in Table 9. In all these cases, the system must
be stopped immediately for protection. In case the DC-Bus
voltage exceeds the nominal value, DC-Bus capacitor
should be used as seen in figure 31 to take this voltage and
ensure safety. Sandwich DC-bus design is an important fac-
tor to reduce stray inductance. Appropriate cooler selection
should be made in the power floor and attention should be
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Figure 32. Flow chart of the proposed algorithm to be added to the control algorithms developed in high-power systems

for safe and efficient operation.

paid to the placement of the power semiconductors. The
flow diagram of the proposed algorithm to be added to the
control algorithms developed in high-power systems for
safe and efficient operation is shown in Figure 32. It is rec-
ommended to add the algorithm in the flow diagram shown
in figure 32 to all control software developed to operate at
high power. This is important in terms of system efficiency
and safety, as system temperatures, DC-link current and
voltage, phase currents, motor speed, torque, deceleration
and stopping of the motor are monitored. All these mea-
sures have been carried out in this study and the developed

algorithms have been ensured to work safely and stably in
high-power systems.

CONCLUSIONS

In this study, the basic parameters for a passenger elec-
tric vehicle were determined, a simulation model of the
vehicle was obtained and using this obtained model, the
appropriate electric motor was selected. Later on, an origi-
nal 75 kW DC-AC Converter (Inverter) in accordance with
automotive standards was designed for the Brushless DC
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motor used for vehicle drive and was successfully used for
tests in practice.

Simulation and experimental results demonstrated the
effectiveness of the originally developed drive system. It
has been shown that a fuzzy controller successfully controls
the BLDC motor and the model-based programming of
dSPACE, is very simple and versatile when comparing to
traditional methods. It has been observed that the proposed
fuzzy logic controller performs better than the PID tech-
nique. Experimental results show that the proposed fuzzy
logic control method better compensates for the effects of
time-varying load, while reducing steady-state error more
than other methods as time progresses. The performance
and accuracy of the algorithms have been tested in practice
and the BLDC motor phase currents and voltages have been
monitored with an oscilloscope. The simulation results
and the application results have been consistent with each
other, and the system performance has been successfully
tested. Problems caused by high power operation have been
resolved. In order to ensure that the control algorithms work
effectively and safely at high power, the necessary solutions
have been specified and successfully implemented.
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