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ABSTRACT

Brushless DC generator (BLDCG) is one of the most popular machines in variable speed
drives. That is due to its numerous advantages which are high efficiency and power density,
light weight, compact design and low maintenance. The most common applications, in which
BLDCG has been employed, are wind energy and transportation systems. These applications
have a main drawback that they are featured by large speed fluctuations accomplished by wind
turbines and internal consumption engines. This speed variation results in changes in the
BLDCG output voltage. This paper aims to maintain the generator output voltage at a constant
level with variation of both load and prime mover speed. This is achieved using a simple
closed loop control system including a variable reactor. This study belongs to vehicle
application, since it is recommended to replace the brushed claw pole synchronous generator
by BLDCG. Throughout the present work, the mathematical model, along with a
matlab/simulink program, have been developed and implemented for BLDCG system to
predict its operating characteristics. An experimental setup has been built and tested for the
sake of comparison. Good agreement between the theoretical and experimental results is
obtained. This confirms the validity of the theoretical analysis. Moreover, good performance of
the BLDCG with the proposed simple control method is obtainable.
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1. INTRODUCTION Recently, much research work has been paid for
brushless DC generator (BLDCG) to exploit its
numerous advantages. BLDCG consists of a stator
with laminated steel to reduce the eddy current loss
and a rotor provided with permanent magnets. Due to
the permanent magnets, field windings with attached
brushes and commutator segments are not required.
As a result, low maintenance and high efficiency are
obtained. These advantages make BLDCG the best
choice for many applications such as wind energy

Due to the main drawback of brushed DC
machine, which is represented in brushes and
commutator segments, the idea of brushless DC
machine had started earlier and is still in progress.
With the availability of permanent magnet
materials and reliable power electronic devices, the
full realization of brushless machine became
possible in the early of 1980. [1]
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and transportation systems. These applications are
characterized by large speed fluctuations
accompanied by wind turbines and internal
consumption engines. This leads to large changes
in BLDCG output voltage. Some attempts have
been reported in literature to overcome this

problem [2-11].

A digital control technique for controlling the
output voltage of BLDCG against shaft speed
variation using three phase controlled bridge has
been proposed [2-4]. The switching signals of the
bridge devices are established using a digital
controller called Field Programmable Gate Array
(FPGA). The control technique was implemented
using two power electronic control algorithms:
hysteresis current control and pulse width modulation
(PWM) control. The control concept of both two
techniques is based on comparing the actual speed of
the prime mover with a reference speed value.

A single stage step up/down AC/DC converter for
small wind power BLDC generator has been
presented [5]. This converter consists of a three phase
diode bridge rectifier and a C'uk converter. C'uk
converter steps up and down the output dc voltage to
cope with wind speed variation. However, this
converter regulates the load voltage over low speed
range.

The brushless DC machine is used as an integrated
starter—generator—torque-booster (ISGTB) for hybrid
electric vehicles [6-8]. It is operated in three modes
of operation. Switch mode power converter, which
consists of six-pulse inverter and bi-directional buck—
boost converter, has supported all operating modes of
ISGTB wusing intelligent control software. In
generation mode, the amplitude of the induced EMF
is proportional to the speed of internal consumption
engine which varies in large rate. This could be
overcome by synchronizing the switching signals of
the inverter switches with the generator voltage and
DC link voltage.

In [9], a predictive control of BLDCG coupled with
wind turbine system has been proposed through a
theoretical study. This method of control is applied to
three phase controlled bridge to obtain a constant
value of dc output voltage for connecting with DC
grid. This was achieved using a certain control
algorithm based on minimization of joule losses and
torque ripples.

Variable-speed constant-frequency (VSCF) power
converter has been described [10]. This converter
consists of a three phase diode bridge rectifier and a
three phase thyristor controlled inverter. The output
voltage of the BLDCG is rectified by the diode
bridge then converted to three phase AC voltage with
fixed value and frequency for connecting with the
AC grid using the inverter. This was achieved by
comparing the actual DC link current, which varies
with the prime mover speed, with a reference value

of the current then the difference determines the
firing angle of the thyristors.

A BLDC machine has been used as a motor and a
generator in a light motorcycle powered by fuel cell
energy [11]. A typical BLDC motor drive system
consists of a BLDC machine, a power inverter and a
digital controller. The machine works as a generator
during regenerative braking. In this mode of
operation, the DC link voltage decreases because of
speed slowing down. As a result, boost converter is
used to obtain a constant DC link voltage.

The previous attempts to overcome the BLDCG
problem are complicated and costly. This paper
presents a simple control method to obtain a fixed
output DC voltage, from BLDCG, with load and
prime mover speed variations.

In this paper a mathematical model for BLDCG
with the proposed control method is developed and
implemented in a simulation program to predict the
machine performance at different operating
conditions. An experimental setup is established for
the system to check the simulation results. A
comparison between the simulation and experimental
results is performed and evaluated. The results
illustrate the good performance characteristics of
BLDCG with the proposed control method.

2. SYSTEM DESCRIBTION

This paper suggests adding a variable reactor in
series with each generator phase terminal to keep the
output voltage constant at a desired value by its
voltage drop which changes with the speed and load
variation. The variable reactor used throughout this
work is the magnetic amplifier (MA) [12-14] which
is a type of magnetically controlled reactors. It
consists of two windings on the outer two limbs of a
three limb iron core, connected in series with the
generator terminals. Auxiliary winding on the middle
limb is connected to a controlled DC supply. the
current through the auxiliary winding controls the
saturation level of the outer limbs iron core. Hence,
the inductance of the outer windings is controlled.
The controlled current is obtained from the feedback
control circuit of the generator output voltage.

Fig.1 shows a schematic diagram of BLDCG closed
loop control system, in which, the main windings of
magnetic amplifiers are connected in series with the
generator terminals. A three phase diode bridge is
connected to the generator terminals after the
magnetic amplifiers for rectifying the AC voltage. A
signal of load voltage is compared with the reference
voltage then the error is fed to Pl voltage controller
as shown in the simple block diagram of Fig.2. The
proportional and integral gains of Pl controller have
been adjusted until suitable values are obtained. The
output of PI controller is compared with a saw tooth
voltage to determine the duty ratio of the gating
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signal using PWM technique. This gating signal is
transmitted via DSP board, on line, to trigger the
main switch of buck converter (IGBT). As a result,
the DC current of MA auxiliary winding is controlled
resulting in controlling the reactor voltage drop to
cope with the speed and load variation. Hence the
constant output voltage is obtained. All the closed
loop control process has been implemented in real
time using DSP controller board (dSPACE1104).

Magnetic Amplifier

Buck Converter

HAEIN

Gate Drive
Digital 1/0
VOIJt
Scope D/A AID |
DSP
Personal Encoder
Compute(-) RS2322 Interface]

Fig.1 A schematic diagram of BLDCG closed loop control
system

Gate pulses

e PI X

Controller Vout

Saw tooth

M voltage Ve

Fig.2 A simple block diagram of control circuit

3. MATHEMATICAL MODEL

The dynamic model of BLDCG is derived
according to its equivalent circuit represented by Fig
(3). The BLDCG under investigation is a surface
mounted permanent magnet type, consequently the
air gap is approximately uniform. Thus the variation
of self and mutual inductances with rotor angular
position can be neglected. Accordingly, the voltage
equations are expressed as a set of differential
equations [5] as follows:
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Where:

€4, en, €. Instantaneous stator phases EMF
i, Ip, ic: Instantaneous stator phases current
V., Vb, Ve Instantaneous phases terminal voltage at

the bridge input
R . Stator phase winding resistance (0.55 ohm)
Laa=Lpp=Lc=L: Stator phase winding self inductance

=0.0047 H
Lap=Lpa=Loc=Lep=Lac=Lca=Lm: Mutual inductance
L. : Added reactor inductance (varies automatically

with the load and speed variation)

Based on the symmetrical three phase windings of
the stator, the mutual voltages cancel each other. As a
result, the BLDCG voltage equations become:

e, = Ri; + L+ Lg_ﬂﬂ:] + Vg (4)
ep =Rip + (L + Lm,j] o+ vy (5)
e. = Ric + (L + Ladd:] + Ve (6)

Figure(4) shows the typical waveforms of the phases
EMF’s (e, ep & &) . Each of the phase EMF has a
maximum value (enmax) Which is described as:

(7

Where:

Ke: the machine EMF constant incorporating the
permanent magnet flux linkage

o: the electrical frequency

From Fig.4, the induced EMF can be written as a
function of time. The EMF of phase (a) is as follows:

oo =2(wt-%)epee  for 0zwtzn3  (8)
€z = Emax for n/3<ot<n 9)
oo =—(0t—F)eper for zcot<dn’  (10)
fg = qu for 4n/3 <wot<2n (11)

While for phases (b) and (c), the EMF is the same
as of the phase (a) but a function of (mt ——) and

(mt + f) respectively.
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Fig.4 Typical waveforms of the generated EMF of
BLDCG

4. SIMULATION RESULTS AND

DISCUSSION

A simulation program has been built, in
Matlab/Simulink environment, based on the previous
mathematical model and implemented to study the
operating characteristics of BLDCG. The simulation
results are divided into two groups. The first group is
predicted at constant load resistance (R.) with speed
variation. While the second group is calculated at
constant speed with load variation. As stated before
in section 1, the BLDCG studied throughout this
work, is recommended to be an alternative to the
claw pole synchronous generator in vehicles. The
generator in vehicle is used to charge a battery of
12V, therefore the suitable voltage for charging is
14V. As a result, the generator characteristics are
studied for load voltage of 14V weather with the load
or speed variation.

The first group of results includes the speed, load
voltage, reactor voltage and generator voltage during
step change of speed reference as shown in Figs (5-8)
respectively. These curves are taken at constant load
resistance (R =6.8Q). Fig.5 shows the step variation
of speed at levels (588, 833, 1160 and 1500) rpm.
The constant load voltage (14V), during this speed
variation is obtained as shown in Fig.6. This is
achieved by controlling the reactor voltage to vary in
proportional to the speed variation as illustrated by
Fig 7. This is occurred in spite of the proportional
variation of the generator voltage with speed as
evident in Fig 8.

The second group of the results is recorded at
constant speed of 1000 rpm during the load variation.
In spite of reducing the load current gradually as
shown in Fig.9, the load voltage is maintained
constant at the desired value (14V) as illustrated in
Fig 10. It is noticed from Figs(11&12) that the load
current has low influence on both of the reactor and
generator voltage respectively. Where reducing the
load current results in decreasing the line current
which, in turn, increases the reactor inductance and
the reactor voltage seems to be constant as shown in
Fig.11. Also, the generator voltage is almost constant
as evident by Fig.12 because of the constant speed.
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Fig.5 Step variation of speed reference at R, =6.8Q
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Fig.6 Load voltage at R, =6.8Q
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reference voltage 14V and presented as follows:

5

3

Time (sec)

2
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Fig.10 Load voltage during load changes

I 1) [ el PO G S I 77 n ¢ [ Y| DX VD~ D
= O.Ihl%VV.ﬂ.mmaCWJmomF.lW”Ch.lA_.Hh
=~ Y= tet4oeerU.mse“u.).thtdo ~ =
= C oY= = —1 00 & O T ba.lngDIWbInCll
—— — S £S5 58 a 7} 22z =253 =
= 0 22°%85 TecoeESExTIX S<EWL ©
— 8 S 529~ 0 FSE T OB 0 gES B Re 20T o
= + O c ”SO.mmAh S L n2F 3> a0 0 rtzmAbe
= = G S 78 .o oog2c5 35900 S2ayny o

= G hDE S22 51D QS 083 TS co s 2o
= L = =
— 3 L c D3 = 8 OHEOW.m.OD.S%:emm cDT g
= — o = o %WG.M%WTF,C.MQC Bmwmymom.m%ahm
— T o o S X Y= - — = — o
= = = ©« na%u_bOW.Bemose_l © O n ol ®
= — Q= S | > - o) chns o3 . ST« S O wn &)
= 2 5 S w2 J5°8 s T T = > NT'THE S =ENR
= —— « 2 o [} c D (oK o n [ =
= — o © o = S == v L2 E=2c oo Iogeoces 2l
= =2 s uw 0385w IS 2 53 NS _9® Do DS D
= o 8 > x =] E = efomeyw_oed Ehn%mmr
= ° S = .IeogﬂmOMtSthd”ylhTaooe
= > - o o= S @ A S o= . = <
= - » O ] S =-S=Scoo @ —_ L O = - (S ]
= = S < S @ NEBEoeC R CcT 00580 TEG 2, =
= =} T - nlalhmﬁam aerT.wBrOterleOIISCnc
= —— o = S T == v 50 © M”roav ¥ o <
= — & s Z € o S @ S o P« & fumpOMbUDtm
— 2] . L=
— o = .WOHpCOH%MtGgm - E"L00LS Lo
— N = == > [ S T = o2 o =S T o = X
= : - o O € o >~ o —Ll 5 S s gzmcalg " g
T 2 W W_AuG CﬂGmmECO.ImS > < mgsmle.we
L o ;e 0D ooE 8§ Ce—cocsS - ocs— o IS <
= o X O m Drr.lernE.B_IO.B\)B.I_Ied.Ug_I
S oA S SBLEc3222MO0G2cTLH282 2%
b FdoBegB888E5522022585E858550
- - — = h — = — —
(n) 8feyjon Joyoeay o DL aF2xrS 5255382893828 858wa
T — ™ I
———— I ™
——— R = | | 0 o o
— — = o~ :L < o
= o] = 4 o
— —— %) = - o u
= — ~ ¥ — o &
LT S = o~ S =3
) m = — \0/0 \CI.T.
—. nL @ %V QO
= - o QL= - 5 L o
= — e S = "o g o 5
= = Q = mﬂ .mc
=—— = > =— E 2 E o
L = S =] =—— - 2 =2
—— S = @ Y—
= m = — = o
= ——— = = °
\n 3 B——> || 0 ™ m.mw [Te) ..m \ m
— | —— o =y - pd e - .8
I [ s =V—x 5 s
S e————— s =—— >
o ——— o T 2
o 10 <) 0 o
s ~ Y i) 8 3 e 3 8 e 9 =) 13
— b < ™ ~ — =) — =

=
2
]
()]
3
=
S
>
z
S
2
Q
@
5]
@

(A) aBe1jOoA J01RIBURD) (W) ua.1no peon (n) abejon peo



Haitham Z. Azazi, Safaa A. Kalilah, Mervet A. Shanab and Fathy E. Abdel-Kader " CLOSED...."

Table 1
Label Component
I DSP Interface circuit
H Voltage and current transducers
PC Personal computer

AC power supply
Gate Drive Circuit
Digital inverter
Variable resistive load
Buck Converter

WO OO0

Fig.15 Buck converter along with gate drive circuit
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Fig.13 A photo picture of BLDCG closed loop system

Table 2

Label Component

IGBT (50A)

Bridge Rectifier

Fast Recovery Diode

A
B
C Capacitor
D
E

Gate Drive Circuit

As in the simulation results, the load, reactor and
generator voltages are recorded during the step
change of speed reference at constant load resistance
(R.=6.8Q2). The step change of speed reference is
performed at levels (588, 833, 1160 and 1500) rpm as
in the simulation results as shown in Fig.16. The
desired load voltage (14V), during that speed
variation is obtained as in Fig.17. This constant
voltage is obtained by changing the reactor
inductance with speed variation through the variation
of magnetic amplifier controlled current. This is
achieved automatically through the closed loop
control system explained previously. As a result, the
reactor voltage is varied by the manner shown in
Fig.18. Figure(19) illustrates the variation of line to
line generator voltage during the speed step variation.

When the speed is maintained constant at 1000 rpm
and the load resistance is changed, the load current
decreases gradually as shown in Fig.20. While the
load voltage is constant at the reference value (14V)
as illustrated in Fig.21. This is due to the reactor
voltage variation demonstrated in Fig.22.

It is observed that the shapes of these figures,
obtained experimentally, are close to the relevant
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shapes of the previous simulation. This confirms the
validity of the proposed simulation.
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Fig.18 Reactor voltage at constant load resistance

6. CONCLUSION
A BLDC generator has been proposed as an
alternative to the claw pole synchronous generator in
vehicles. A variable reactor is connected in series
with each generator phase winding for suppressing
the variation of output voltage with load and prime
mover speed variations. This is achieved,
automatically, by controlling the reactor voltage drop
throughout a closed loop control system via a Pl
voltage controller. All the closed loop control process
y — is implemented in real time using a DSP of type
o2 4 B 8 10 12 14 dSPACE1104. Good agreement is obtained by

P2
[}
[}

—
=
=

-100 1

Generator Voltage {v)
L]

1
E2
[}
[}

Time (Sec) comparing the theoretical and experimental results.
Fig.19 Line to line generator voltage at constant load This emphasizes the validity of theoretical analysis.
resistance
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With the proposed control system a constant value of
load voltage is obtained in spite of the variation of
either the load or the speed.
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