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ABSTRACT

In this Paper, a speed control system for a Brushless DC (BLDC) motor is to be analysed and
enhanced to increase the efficiency of the motor. The objective is to keep the magnetic field between
stator and rotor always perpendicular in order to generate the maximum torque with the minimum
consumption of energy. The first step taken in this paper is the analysis of the model of a BLDC motor.
By using the set of parameters given from a book (Analysis of Electric Machinery), a dynamic model is
programmed in Matlab to perform all the experiments required. PI controller is implemented in order
the speed tracking to be achieved. The manipulated variable is the input voltage and the controlled
variable is the speed.

1. INTRODUCTION

Brushless Direct Current (BLDC) motors are synchronous electric motors, commutated electronically
and are rapidly gaining popularity due to several advantages over brushed DC and induction motors,
which have mechanical commutators and brushes. Some of the advantages that BLDC motors have
compared to conventional dc motors are stated below (Krause, Paul, Wasynczuk, Oleg, Sudhoff, Scott,
2000):

* High efficiency

* Better speed versus torque characteristics

* Reliability

* Long lifetime (no brushed and commutator erosion)

* Noiseless operation

* Higher speed ranges

These advantages make BLDC motors to be used in many industrial applications in
Instrumentation, Appliances, Factory automation Equipment, Military, Automotive, Aerospace and
Medical fields, as well as in Industrial Automation equipment.

The construction of a BLDC motor is very similar to AC motors and it is known as the
permanent magnet synchronous motor. In Figl the structure of a BLDC motor is illustrated. The BLDC
motor consists of the stator (in our model the induced part of the machine, 3-phase windings) and the
rotor (inductor of the machine) which is a permanent magnet. Commutation refers to the process
which converts the input direct current to alternating current and properly distributes it to each winding
in the armature (Efstratios N. Pistikopoulos, Vivek Dua, Nikolaos A. Bozinis, Albert Bemporad,
Manfred, 2000). In BLDC motors, this process is done by semiconductor devices such as transistors as
there are no brushes and commutator.

Figure 1: 3phase Brushless DC Motor (P. Krause, 1986)

The BLDC motor is a synchronous motor and its principle of operation is based on the fact
that, when current enters into the windings, torque is produced because of the interaction between the
magnetic field, generated by the stator and the magnetic field, generated by the rotor (permanent
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magnets). These magnetic fields are rotating at the same frequency, producing a torque, which makes
the motor rotate. The main objective is to keep these two magnetic fields perpendicular to each other,
in order to achieve maximum torque and to minimize the consumption of energy.

2. REAL MODEL MATHEMATICAL ANALYSIS

In this section, the differential equations that represent the real model’s dynamics are derived.
Furthermore, the formula of the manipulated input voltage for the speed control is derived in matrix
form. In addition to this, the torque equations needed to be maximised for the enhancement problem, is
also obtained. The theoretical background from Krause (Krause, Paul C.; Wasynczuk, Oleg; Sudhoff,
Scott, 2002)is used, for the establishment of the voltage and torque equations.

2.1 Park’s Transformation and flux linkage
For the simulation and the analysis of the BLDC motor the equivalent circuit in Fig. 2 is used. The

stator windings are identical windings displaced 120°, each with N equivalent turns and

resistance r .

las

lbs

lcs

Figure 2: Equivalent Circuit of 3-phase brushless DC machine

According to this transformation, the variable of stationary circuit elements of figure 2 are transformed
to an arbitrary reference frame expressed as:

Trgos = Ky Fags crvvvrermreenriieesnreenrcane (1)
Where the vector of variables is expressed in the following way:
T
(AP [ SR S (2)
T
foe =[fe T ol (3)

Where, fis a variable of voltage or current.
The Park transformation is defined:

cos @ cos(@ — 27[) cos(@ + 2”)
3 3
K_szg sin@ sin 49—2—” sin 0+2—” .......... (4)
3 3 3
1 1 1
2 2 2 |

The inverse is given by:
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cosd sin@ 1

7571= co{@—zﬁj sin(@—ZEJ 1 RSO (5)
3 3

co{¢9+2ﬂ) sin(9+2”j 1

3 3) 7]

The angular velocity o and the angular position 0 of the arbitrary reference frame are related by

)

deo
U UURUSRTRURN (6)
dt
The flux linkages are expressed as
ﬂ’abcs = Ls iabcs +ﬂ? ........................................... N (?j

Where, A,," is the residual magnetic field of the permanent magnets in respect to the stator angle @, .
The inductance expressed in matrix form is presented below:

L, +L, — L, cos26, —;LA —L, cosZ(@r - ’;] —;LA —L, cosZ(é’r + ’;) ]

=\ - ;LA -Lg 0032(19r - gj L, +L,—Lg (:052[19r - 2;) —;LA - Ly cosZ(Hr +7)

a
I

1 Vs 1 27
-5 L, — L, cosZ(é?r + 3} - ELA —Lgcos2(0 +7) Lo+L,—L, cosZ(é’r + 3)
Where L is the auto inductance in stator and 0, is the angle of the rotor with respect to the stator.

The mutual inductances can be expressed using the geometric properties of the machine as the
following expressions:

N2
L, = (ZSJ UGN O o 9)

|

N; is the number of turns in coil in stator, r is the radius of the average gap circle and | is the deep of
the motor (Martin M. Gonzalez, 2009).

2.2 Torque and voltage equations in machine variables
The voltage equations are expressed below:
Vape = Ml P Aape «ovvereemeeeeeeeeeee e (11)
d
Where p =—
dt

ro=diaglr, . r]o (12)

By applying the park transformations into (11), the wvoltage equation is derived.

stabcs K r Iabcs + Kpﬂ’ab Ks rslabcs +K p(leabcs +ﬂm ) ( I+ pLs);-l_ K pﬂ‘m ------- (
13)

By substituting equation (4) into (11) and the product of this substitution into (13), we take:
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0 §LA+§LB+Lis 0.
Vs ;o 0 0l 3 3 2 2 Igs A’
Ve [=10 1o Ol [+W —ELA+§LB—Lis 0 Ofig|+| O
VOs O 0 rs IOs O 0 0 _IOs O
E L, - § Lg + L 0 0 |-
2 2 s
+p 0 gLA+gLB+Lis 0 |[igx [+4,']1
0 0 L, [Lios
(14) )
The above system of equations can be presented in the following equivalent equations:

Vg = rsiqs + a)(g L, +g Lg + Lis)idS + oA, '+ p(g L, —g Lg + Lisjiqs

. 3 3 . 3 3 .
Vg = Ily + w(_i L, + E Lg — LisjlqS + p[E L, + E Lg + Lisjlds ...(15)

VOs = rSIOS + pLis'Os

The electrical torque is described in the following equation [2]:

L. —L
e ia52 _libsz _licsz _iasibs _iasics + 2ibsics sin 2er
3 2 2
L, L
T :(Ej +u{ﬁ(ibsz Fi 22

+ 200 )00526?r ....... (16)

aslbs as'cs

3 2

+ A, | i —libs —lics coso, +£(ibs —i_)siné,
2% 2 2 |

Where the inductances are expressed using the mutual inductances:

The mechanical torque generated is expressed below in terms of rotor inertia moment J and torque load
TL [2]:

T, = J(%) pw, + B, [%)wr T e, (19)

The next step is to convert the electrical torque in (19) into a new mobile reference framework which
contains the current variables | qdos

This can be done by using the park’s transformation:
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cosd sind I €06 + iy SIN 6 +

1
2t (. ¢ A 27 27 .
s = K qus: 00{9—3j sm(@—?)j 1 !ds = {9— 3j+|dssm(0 3J+|OS
IOs
o 0+2—ﬂ sin «9+2—ﬂ 1 i, CO 9+2—7[ +igsin 0+2—ﬂ +j
3 3) 7] F 3 3) "]

(20)
Also, by Gonzalez (Martin M. Gonzalez, 2009):
3 3
Ling = Ling =E(LA+LB)—§(LA—LB)=3LB ............................... Q1)

As a result, the equation that describes the torque is derived by presenting both electrical and
mechanical torque as one equation and it is expressed below:

2 3(P 2
J(—jpw:z(z)(:BLquslderﬂm i, )- Bm(ij—TL.....................(22)

P
By rearranging terms and substituting the first derivative into p, the equations (15) and (22) are
becoming the differential equations that describe the dynamics of the system.
These equations are the following:

rsiqS —w(g L, +§LB + Lisjids -l )

(Vds - rsids _w(_gLA +§LB - Lisjiqs]
Lg + L }

digg _ 1 .
dt - L (V rSIOS)

dw 1(3(P 2
E=3(§(2) (3LB|qs|ds+/”tm qs) Bmw—(E)TL]

Inductance transformation (Krause, Paul C.; Wasynczuk, Oleg; Sudhoff, Scott, 2002):

3 3
Lq =§LA_ELB+LiS

d. e
T

§L+
2

3 3
Ld :ELA+ELB+LIS

Equations (23) take the following form, after substituting (24) into (23) and assuming that all the input
signals are balanced so that the zero current circuit can be removed (Martin M. Gonzalez, 2009).

di,, _ _ )1

d(:: = (Vqs - rslqs _WLdIds _a)ﬂ“m )I—_q

di, 1

di =(Vds —r,i, +a)Lq|qs)L ............ (25)

T [SRNYRAERNL

Equation (25) is written in vector matrix form as:
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— —_ B ] B L ] . =
d igs — r—s 0 - L_d ol ds i 0 0
ddt L, iqS L q L,

—o = 0 = 0 iy [+ — i Jo L o

(?; , d o 2Ld Ly 5
E E(Ej ﬂ’m 0 _& E[Ej (Ld Lq )dsiQS 0 _ﬁ

L . 2\ 2 J 2\ 2 L i

........................................................................................................ (26)

Equation (26) is the state space equation that describes the behaviour of the motor. The system is
considered to be non linear due to the second term of the equation.

2.3 Control approach for speed reference tracking by PI controller
Speed control is achieved by changing the voltage reference of the motor. The optimum speed loop

maintains the motor at its target speed. The 3-phase input voltages Va: V. Ve are sinusoidal and
synchronised with a phase difference of 2pi/3 and the same frequency equal to 1.
The input voltage vector is illustrated below:

I |
cosf—a)

2
Vg =UX co{¢9+?—aj
CO{H—%—&)
L J 27

amplitude
o
T

/'ﬁ
os ||

/ I VY

02 025 03 035
time (sec)

Figure 3: 3-phase input voltage in abc reference framework

1 J !
0 0.05

The motor cannot work in open loop so we need at least the inner close loop to switch the
voltages on each phase. Each phase depends on the angle alpha between the electromagnets and the
position of the motor.

Speed controller calculates the difference between the reference speed and the actual speed
producing an error, which is fed to the PI controller. Pl controllers are used widely for motion control
systems. They consist of a proportional gain that produces an output proportional to the input error and
an integration to make the steady state error zero for a step change in the input.

The implementation of the speed controller requires the linear model of the BLDC motor
around an operation point.

The linear system is described as SISO in state space form:
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X = AxXx+ Bu

............................................................. (28)
y =Cx+ Du
The input is the amplitude voltage u and the output is the speed.
[dige | [ _fs _ % Lylggo A |
dt L, L, Lq_ Ly I
s | _ @by 5K Lol
dt L, L, L,
do E(BT (Li-L), 3 [Ejzﬂ_m g(ET (Ls - L) B,
Ldt] 2l2) 3 T l2) 3 2lz) Ty e 7
| 1 cos@,) |
L, 3
1 sin(a,) U
L, 3
0
. (29)
The output is:
Yy=[0 0 LX+0U, ..o, (30)
I _r_s _& _Ldidso_ﬂ’m
Lq Lq LQ_ Lq
A= @y L Lolaso
Ld Ld I-d
g(gjz (Li-L). 3 (Ejzﬂ_m g(g)z (L - L) B,
1202 Jo*2102) 3 202 J J ]
[ 1 cos(@y) |
L, /3
B 1 sin(a,)
L, /3
0
c=[0 0 1]
D=0
The transfer function of the motor equation is obtained by:
G=C(SI = A) B oo (31)

After obtaining the system in state space form, the transfer function of the closed loop system has to be
calculated. The transfer function of the Pl controller is:

7S+1
G =K, (32)

7S
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3. RESULTS

3.1

Fig. 4: Closed loop motor system with PI controller

Motor Model under no Controller

The objective is to calculate efficiency of the motor without a speed controller. The experiment was
done under torque load equal to 0.INm and then the torque load was increased to 0.4Nm. The
efficiency in different torque loads is calculated in figure 6. The actual speed of the motor in different
torque loads is also obtained in figure 7.

lqd Current vs Time
3.5 i ; . .
3\
_ 250
< 0
e 2f \
e ! '
3 1.51 \
il H \
g \
1 S\ 1
05 ‘\\ ------ Iq Current
RN —Id Current
0 ‘ :
0 0.02 0.04 0.06 0.08 0.1
time (sec)
Figure 5: Output current Ig and Id
efficiency vs time @TL=0.1Nm and TL=0.4Nm
0.8 ‘ ‘ ‘
X:0.1874
Y:0.617
0.6 B
X:0.1709
Y:0.5636
> 04
c
Q
Qo
5 0.2
0 — i
----- efficiency at TL=0.4Nm
—efficiency at TL=0.1Nm
_02 L L L
0 0.05 0.1 0.15

time (:en)

0.2
Figure 6: Efficiency at TL=0.1Nm and TL=0.4Nm
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Speed at TL=0.1Nm and TL=0.4Nm

250
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200 Y:184.2 -
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?_5 150 'l/ Y:165.9
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Figure 7: Speed at TL=0.1Nm and TL=0.4Nm

The next step is to eliminate the error between the actual speed and the reference speed. In the above
experiments the nominal speed was 200rad/sec and the approach to eliminate this error is to implement
a PI controller as described in the following experiment.

3.2 Model Under PI Controller

The control requirements are the same as described in Gonzalez (Martin M. Gonzalez 2009):
e  Settling time: <1 sec

Maximum Overshoot: < 10%

Maximum Efficiency Possible: 100%

Nominal Voltage: 22.5V

Maximum Quadrature Voltage: 15.9V

Reference Speed (Half Nominal): 100rad/sec

Torque Load: 0.1Nm

The brushless machine is a non linear model and in order to implement the Pl controller it is
vital to linearize it at some operation points. The model described by differential equations in (26) is
linearized using Taylor series and the SISO linearised model is derived in state space form. The
operating conditions are the following:

I, =0.1A
I =0.01A

W, =74.21rad /sec
The system is third order with step response presented on figure 5.

Step Response

25

201 Systen: siso 7
Time (sec): 0.0457
Amplitude: 20.8

15¢ b

Amplitude

101 b

0 Il Il Il Il
0 0.01 0.02 0.03 0.04 0.05

Time (sec)

Figure8: Step response of SISO model without controller

The system has the following poles, zeros and steady state gain:
Zeros of SISO: -281.2447
Poles of SISO: -277.79 + 114.55i
-277.79 - 114.55i
-166.97
Steady State Gain: 20.8
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VqdO with PI controller at TL=0.1Nm
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Figure9: Input Voltage with PI controller at TL=0.1Nm
Vqdo0 with PI controller at TL=0.4Nm
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FigurelO: Input Voltage with PI controller at TL=0.4Nm

In figures 9 and 10, the output current for each change of the torque load is presented. After
the increase in torque, the output current is being slightly decreased due to the additional effort of the

motor to handle the extra torque load.
1qd0 vs time with P1 controller

15 T .
1 L |
<
% TL=0.1Nm
k=)
0.5 - —lq|]
SN e Id
“’ ———— IO
/
O l' I L L L
0 0.1 0.2 0.3 0.4 0.5
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Figurell: Current output with PI controller at TL=0.1Nm

1gd0 with PI controller at TL=0.4Nm
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o
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Figurel2: Current output with PI controller at TL=0.4Nm
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In the above figure, the speed response is presented for different torque loads. As it is shown,
speed reference tracking is achieved, with settling time smaller than 1 sec and no overshoot bigger than
10%. The requirements after implementing the Pl controller have been fulfilled. The response of the

system under TL=0.1Nm is slightly faster than the response under TL=0.4Nm.
Speed Control at TL=0.1Nm and at TL=0.4Nm
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Figurel3: Speed Control at TL=0.1Nm and TL=0.4Nm

Efficiency with PI controller @TL=0.1Nm and TL=0.4Nm
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Figurel4: Efficiency with PI controller at TL=0.1Nm and TL=0.4Nm

The efficiency of the motor is illustrated under different values of torque load. It is observed that a
better efficiency is achieved with a smaller value of torque load.

4, CONCLUSIONS
The model used for this work is a brushless synchronous asymmetric motor with sinusoidal three phase

input voltage. The mathematical model is considered to be single input single output (SISO), the
manipulated variable is the input voltage and the control variable is the speed. The motor is described
by non linear equations, so for the implementation of the PI controller for the speed tracking reference
the system has to be linearised at some operation points. After linearization, the Pl controller is
implemented to the linear system and the response of the motor to different values of torque load and
speed references is obtained and the efficiency of the motor is compared under different torques.
Experiments show that the speed reference tracking is easy to be achieved and the PI controller fulfils
the requirements of settling time equal to less than 1 sec and overshoot equal to less than 10%. This
makes sense, as with a bigger value of torque load, there is more power consumption.
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