serformance of the proposed system.

RODUCTION

voltage regulators have been widely used to
n variable ac voltage from a fixed ac source.
se angle control (PAC) is extensively employed
many applications such as industrial heating,
ting control, and starting and speed control of ac
ines. This technique offers simplicity and
ity of controlling large amount ™of power
nomically. However, a delayed firing angle causes
continuity and significant harmonics in both the
pply and load currents.  lagging power factor also
curs at ac side even though the load is purely
istive[1]. A number of static VAR compensators
voltage regulation and power factor correction
e been proposed and analyzed [2-4], but
ase-controlled inductors introduce harmonic
stortion. Thyristors could be used for switched
apacitors[5], but voltage spikes and current surges
jay cause problems. A thyristor-controlled
ansformer booster have been suggested and
xamined [6-7], but such a proposal is of limited
ange and introduce distortion into the voltage
vaveform. It is possible to obtain thyristor controllers
with improved current waveforms[8-10], but large
umber of thyristors and multi-winding transformer
e required. However, the saturable reactor voltage
regulator produces improved current
aveforms[11-12], but distortion was noticeable at
w levels of output voltage. ‘Two alternative
methods for realizing unity power factor at the ac
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his paper presents a new ac voltage booster (ACVB) for inductive or dynamic loads. The new
ntroller has a nearly unity power factor for a change in the load voltage from 100% to more than
00% of the supply voltage. The proposed approach has many advantages, including fewer
miconductor components, simplified control, and negligible distortion in the supply and load
urrent waveforms. The new technique is applied and tested for both inductive and dynamic loads.
'heoretical analysis is presented to confirm the experimental results and to show the efficient
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source have been proposed [13], but large number of
switches and complicated control are required for
ac/dc/ac system in the single phase case. A
symmetrical PWM technique of an ac chopper,
which can improve the input displacement power
factor, has been proposed [14], but the distortion
factor becomes worse.

The present paper introduces a new ac voltage
booster (ACVB) having a nearly unity supply power
factor even though the load is inductive. The
improvement of input power factor i1s based on
forcing the supply current to be sinusoidally
wave-shaped and in phase with the source voltage.
The proposed voltage booster is a direct AC/AC
voltage regulator, and accordingly, the number of
electronic switches is limited and its control is
simple. A 500VA prototype circuit is built. Analysis
and design of the proposed regulator, along with the
experimental results, are reported and discussed.
The proposed technique is tested with both static
and dynamic loads. R-L, load has been used as a
static loads, while the dynamic load is represented
by a universal motor which is widely used in
domestic applications. At constant input power,
steady state and starting performance of the motor
are reported. An analytical study is carried out and
good agreement between measured and calculated
results is achieved.
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Figure 1. Schematic diagram of the proposed ac voltage boaster (ACVB).
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(a) Mode |, S1 On & S2 Off (b) Mode lt, S1 Off & S2 On

Figure 2. Modes of operation for ACVB.
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M DESCRIPTION AND OPERATION

igure (1). illustrates the main co.rﬁponents of the
| ac voltage booster (ACVB). The power circuit
sts of two electronic switches S; and S,
'Is) Each switch can conduct current in both
fections via a fast recovery diode bridge. The
pacitor C acts as an energy store. L; is used as a
jost inductor and also to assist shaping the supply
rrent with the aid of S; and S,. The control circuit
nsists of a multiplier, two hysteresis comparators
dth hysteresis width H and driving circuits. The
jon of this circuit determines the switching
ttern of S; and S, which in turn acts to regulate
e supply current and to achieve nearly unity power
ctor. During the positive half cycle of the supply
oltage, if S, is on and S, is off (Mode I, Figure
: the inductor L; is connected to the source via
- Therefore, the supply current i; and accordingly
he energy stored in the inductor i increases. When i 1
icreases to be more thaa or equal to (ig . +H/2), SZ
turned on while S; is turned off (MoJ II, Figure
). In this case, the inductor current xs circulates
ough the load and the capacitor C via S,. As a
esult, i; decreases giving rise. to the capacitor voltage
the supply veltage. This is due to the boosting
n of the inductor voltage. Accordingly, the
capacitor supplies power to the load during Mode L.
This mode starts when i decreases to be less than or
equal to (ig .~H/2) and due to the action of the
control circuit S; is turned on and S, is turned off.
However, during the negative half2 cycle of the
supply voltage similar action occurs. If S; is on and
S; is off (Mode I, Figure (2a)), ig increases but in
opposite direction. Accordingly, the energy stored in
the inductor increases. When il mcreases to be
more than or equal to [(i ¢ +H/2)] 1s turned on
while S, is turned off (Mode I, F]gure (2b)). As a

Ve, 1

'Uy:}' -D‘-‘fomp. 2
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result, ligl decreases giving rise to the negative
voltage through the inductor L, increasing the
magnitude of the capacitor voltage in the opposxte A
direction.  However, Mode II starts when i
decreases in the opposite direction to be less than or
equal to [( ig ,op - H/2)] and S, is turned on while S,
is turned off. Accordingly, due to the above
mechanism of operation the voltage across the
capacitor alternates at the supply frequency. It will
be higher in magnitude than the supply voltage
(boosting action). The magnitude of the ac output
voltage can be varied by varying the supply
reference current (iy o) which in turn acts to
regulate the input power to the circuit.

THE CONTROL CIRCUIT

The control circuit used to regulate the load power
is shown in Figure (3). A multplier is used to
convert the reference voltage (V () to a sinusoidal
wave in phase and synchromsm with the supply
voltage. The mulupher output (i .o and the
detected current (iy) is applied to the hysteresis
comparator (1) to create a smusmdally wave shaped
supply current during the positive half-cycle.
However, a cascade combination of two inverters and
a similar hysteresis comparator (2) are used to create

- a sinusoidally wave shaped supply current at the

negative half cycle. The hysteresis comparator acts
as follows: The output is one when the current (i)
decreases to be less than or equal to [ lig ¢ I-H/ZT,
Mode I, and is zero when ig increases to more
than or equal to [ lig rcfl + H/2 ], Mode II. The
required gate signal is accordmgly given by the
simple logic (NAND latch) shown in Figure (3). to
achieve the condition that the on switch must not
be off until the other one is on. The gate signals are
amplified via the gate drive circuits to drive switches
Sl and Sz.

7 »‘:SI
0

2 | .S'z
Drive
Circuits

Figure 3. Schematic diagram of the control circuit.
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SYSTEM MODELING AND EQUATIONS

Consider Figure (2a). The differential equations
during Mode I can be written as follows:

, di
vs - lS Rl + Ll "'&f (1)
v, = % [-Gpat @

Just when the switch S, is turned on, S; will be
turned off and the system changes to Mode II as
shown in Figure (2b).

di
ve=1_R, + L, — +vy 3)
s e | 1 dt ¢
1. .
Ve = < f @, -ip)dt “4)

If a static inductive load is used, the load equation
can be written as follows:

di
v, =i Ry + L == 5
dt

However, an uncompensated universal motor shown
in Figure (4) is used as a dynamic load. The
equation which can be applied to predict the motor

performance when excited from an ac supply can be
written as [15-16].

ve| [Re*Lep O i
» ) (6)
va -~-Mw Ra +Lap 1‘

Voltages across the field and armatur windings are

related by:
Vi
v, = (1 U[V) @)

a

The field and armature currents are related by the

following equation:
i) (1), ®)
= 1
i] \1)*

Considering eqns. 7 and 8, the voltage equation can
be rewritten as follows:

v.=[R + LP - Ma] i, )]

Where
R=R,+R; andL =L, +L; (10)

The mechanical equation is:
T, =T, + Jdw [/ dt + Tyw (11)

Where
Ty i (12)

Parameters of the power circuit are chosen
according to the range of the switching frequency
and the acceptable hysteresis width. Consider
equations 1,3 and 4, the rate of change of ig is
determined by the value of L; during Mode I and
by the value of L; and c during Mode IL
Accordingly, at certain hysteresis width the switching
frequency is determined by the value of L; and C.

However, the resonant frequency given by f=1/2 vw‘/'l—..l C
should be sufficiently lower than the switching
frequency to prevent resonant phenomenon in the

AC circuit.

Figure 4. The uncompensated
universal motor.

When the control circuit shown in Figure (3).

B 124 Alexandria Engineering Journal, Vol. 36, No. 4, July 1997




nes into effect, the switching frequency of S; and
vary continuously. However, constants of the
uivalent circuit and operating conditions of the
perimental prototype are listed in Appendix A.
suming I, is the rms. value of n-th harmonic
mponent of supply current, the input distortion
tor Df; is defined as

DF, = ,'(E 12)/12 (13)
n=2

is the rms. value of the fundamental component
supply current. The input power factor PFg is
ven by

PFg = cos &, / /1 +(Dng (14)
is the angle between I ; and V.

ssuming I;  is the rms value of n-th harmonic
mponent of the load current, the load distortion
ctor DF; is defined as:

DF = '(E  Ey 74 (15)
n=2

1 1s the rms value of the fundamental component
load current.

MATLAB (SIMULINK) software was used to
lve the above listed equations numerically.
iquations (1-5) are used to study the system
erformance using a static inductive load of 0.6
ower factor lagging. However, eqn. (5) is replaced
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by eqns. (6-12) to study the steady state and
transient performance of the universal motor as a
load. Parameters of this motor are listed in Appendix
B.

SIMULATION AND EXPERIMENTAL
RESULTS

Simulation and experimental results are performed
herein to investigate several characteristics of the
proposed AC voltage booster. Figures (5) and (6)
show the experimental and calculated supply
current as well as the load voltage and current
waveforms using an inductive load of 0.6 power
factor lagging. The supply current is of nearly
sinusoidal waveshape with a unity displacement
power factor at different supply current levels. As
shown in Figures (5) and (6), the proposed regulator
controls the input current at nearly sinusoidal load
voltage and current. Figure (7). shows the
command pulses for driving S;. It is seen that, the
employed bang-bang hysteresis control forces the
supply current to follow the sinusoidal reference. If
the reference is varied, the output voltage can be
varied from the supply voltage level to more than
240%, as shown in Figure (8). However, the input
power factor (PFg) is nearly 99% over a wide range
of v, while at the load side the power factor (PF})
is 60%. Since the circuit power rating is relatively
low, efficiency is not high. Figure (9). shows the
distortion factors of the supply and load currents.
The supply current distortion factor is lower than
20% over a wide range of v, . However, the load
current distortion factor is lower than 10%.
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Figure 5. Recorded results of the inductive load.
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Figure 6. Measured and calculated results of the inductive load.
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pfs, efficiency, pfi

Figure 7. Recorded command signal for driving Sy, with supply current.

Supply power factor
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N O
O O Load power factor
0.60 — O 004
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i
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Figure 8. Power factor and efficiency versus Vv
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he new technique of control effectively ensures
nt input power to the load according to the
erence. The supply power factor is usually near
ity. At fixed load parameters, the output
e varies to match the input power with that
by the load. So if a dynamic load is connected
e output terminals, its behavior will be
strained by this condition of excitation, e.g.
stant power. It may be of interest to study both
ady state and transient performance of the
versal motor under a constant power excitation.
vever, if the input power to the motor is fixed,
shaft speed will be determined by the motor
je required to support the load.

he proposed circuit was loaded with a universal
or (see Appendix B) under load. the supply
age and current were adjusted at 80 volt, 2.0
ps. rms., respectively. The circuit was switched on
the supply. The motor current and speed as well
ie supply current were recorded during starting

Alexandria Engineering Journal, Vol. 36, No. 4, July 1997
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Figure 9. Current distortion factor versus v /v

as shown in Figures (10) and (11). Due to the fixed
input power the motor current is limited but on the
expense of longer rise time as the recorded speed
shows. This indicates that, the proposed circuit is
effective for motor starting without over current.

The motor behavior in the steady state is
constrained by a fixed input power. Figure (12),
shows the variation of v, ,I;, T}, and PFy, against
motor speed (N). The load torque (T} ) was varied
over a wide range and the motor speed, current,
PF|, and voltage were measured as shown in Figure
(11). The torque/speed characteristic is indicative
where it gives a typical example-of constant power
drive.

The proposed circuit is ideal for providing
laboratory means to examine the motors at constant
input power. If at certain load torque, the input
power is varied the motor speed will vary
accordingly. Thus the motor speed can be regulated
via the input current reference.
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M E s &

N ; 800 rprv/div

Figure 10. Recorded start-up characteristics of
the universal motor.
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) Time (sec)
Figure 11. Calculated start-up characteristics
of the universal motor.

B 130 Alexandria Engineering Journal, Vol. 36, No. 4, July 1997

2.00 —
: ——— Calculated
% ol *® OX Measured
E
8' 1.60 —
1.20 —
0.80 —
0.40 —
.00 r T . I . T - )
0.00 1000.00 2000.00 3000.00 4000.00

Speed rpm

Figure 12. Steady-state characteristics of th
universal motor.

CONCLUSIONS

A new approach to ac voltage boosters with neatl
unity power factor has been presented. The inpu
current has been shown to be in phase with th
supply voltage irrespective of the input power level
or the load power factor. However, the load voltage
is varied in response to control of the input power.
It has been shown that, the output voltage can be
varied from 100% to 240% of the input voltage. The
proposed circuit is effectively a power controller and
so, it is suitable for examining ac motor behavior
under the condition of constant input power. Results
of work carried out using R-L static load and a
universal motor are reported. Theoretical and test
results are compared and shown to be in good
agreement.
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APPENDICES
Appendix A

Data and parameters of the experimental set up

v, =80V H =04A
L, =24mH R, =140
C = 30uf

Static load parameters
Appendix B

The umiversal motor has the following rated values
and parameters:

Rated voltage =220V
Armature resistance (R,) =246 Q
Field resistance (Ry) =4.00 Q
Armature leakage inductance (L,) =0.120 H
Field leakage inductance (L) =0.110 H
Mutual inductance (M) = 0.380 H
Full load speed (N) = 3000 rpm

= 0.00065 Nm/rad/sec?
= 0.0019 Nm/rad/sec.

Motor inertia (J)
Friction constant (T
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