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Abstract

PWM controlled rectifiers can efficiently and economically be employed in low and medium power applications of dc drives and in front-end
converters of rectifier–inverter systems while maintaining the advantages of design simplicity and operation reliability of naturally commutated
schemes. Due to the high dc voltage that is produced which is greater than the peak voltage of the utility supply, the ac–dc buck-boost converter
is especially suited as a front-end power source in variable-speed drive systems to convert the utility supply voltage into a variable dc link
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oltage where a single-phase or a three-phase utilities power supply is available. In this paper, the dynamic model and steady sta
ircuit of a single-phase ac–dc buck-boost converter fed dc motor with uniform PWM control is presented. The waveforms of vo
urrent, the input and output characteristics of the converter are discussed and verified. Measured, computed and simulated resu
o be very close and the model is proved to be efficient and accurate.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Traditionally, the conversion of ac power (from utilities
r generators) to dc power has been carried out by using a
iode bridge and a large dc capacitor connected to a rectifier
utput. Such approach has many disadvantages, including
igh input current harmonic components, a maximum input
ower factor of approximately 0.5 and an invariable output
c voltage, with the usual bridge connection of diodes. Many
ttempts have been made to minimize the harmonic current
omponents and improve the input power factor[1,2]. The
c–dc converters with thyristor bridge have the advantage
f simple configuration. However, it has the characteristics
f lower input power factor and much generation of lower-
rder harmonics. The power converter composed of a diode
ridge and a dc chopper[3] has the advantage of higher in-
ut power factor than that of the thyristor bridge. However,
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the source current is also distorted due to the lower-o
harmonics.

To improve these shortcomings, various circuit con
urations have been presented using pulse-width mo
tion (PWM) techniques employing high frequency swit
ing power devices[4–7]. The bridge connection of diode
combined with boost type dc chopper[8], requires man
devices. Analysis of pulse-width controlled ac–dc conve
was reported in[9], only passive R-L loads were consider
In [10,11] an attempt of steady-state modeling of unifo
pulse-width modulated single-phase ac–dc step down
verter fed dc motor drive is presented. The operation o
motor supplied from an ac–dc converter of Cuk type and b
converter has been studied in both steady state and tra
cases[12,13].

In this paper, a single-phase PWM ac–dc buck-boost
verter with only one switching device is proposed. The c
trol of the ac–dc converter is based on uniform PWM strat
which is simple and easy to implement. The performanc
the converter is analyzed and clarified, and the PWM co
378-7796/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.epsr.2004.08.010
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strategy, the dc voltage control method and the simulation
method are presented. The input and output characteristics
of the converter, waveforms of the voltage and current and
the dynamic characteristics are discussed in details.

Besides the wide range of the dc output voltage, which is
controllable from zero to more than the maximum value of
the ac source voltage, the proposed ac–dc converter has only
one switching device. The proposed converter contributes to
a reduced number of power switching devices. This may re-
sult in advantages such as small installation size and less
energy loss. It is clear that the number of switches does not
highly affect the characteristics of the ac–dc converters so that
the one-switch converter is very convenient for an econom-
ical variable dc voltage supply. However, the use of many
switches increases the switching losses and the cost of the
system. Moreover, an incompatible installation is inevitable.

2. Circuit description and principles of operation

Fig. 1 schematically represents a separately excited dc
motor fed from an ac–dc buck-boost converter. The proposed
PWM buck-boost converter comprises a diode bridge with
only one switching device as shown inFig. 1, reactor in the
dc link, a series connection of a diode and a capacitor parallel
to the dc reactor. The proposed converter is an application of
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Fig. 2. Generation of PWM gating signals.

tudevc, with a saw tooth carrier wave, having a fixed ampli-
tudevr and frequencyfs, known as the switching frequency.
The ratio betweenvc and vr is called the duty cycle, D =
vc/vr , which is defined as the ratio of the on timeton to the
total switching periodts= ton+ toff. The average output volt-
age is varied by changing through the variablevc to control
the duty cycled (Fig. 2).

3. Operation modes

The operation modes and the equivalent circuits during
these modes of the buck-boost converter fed dc motor depend
on the switching conditions of both the switching device and
the diode D. Depending on the state of the switching device
and the diode, each chopping cycle comprises two or three
different sub modes of conduction.Fig. 3shows these three
possible modes for one switching cycle for positive supply
voltage. These modes are as follows.

3.1. Charging mode (mode 1)

During the charging mode, the switching device is turned
on, therefore, the diode D is reverse biased so the absolute
value of the supply voltage appears across the inductor. The
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he step-up and step-down chopper. In this configuration
nductor acts as an energy storage/transfer element and
p and step-down characteristics of the output voltage c
asily obtained by an appropriate switching scheme fo
ontrolled power semiconductor switch.

The conversion process is accomplished through two
erent power stages, which are the rectification and the
rol stages. In the first stage, a simple diode bridge rectifi
mployed to unify the direction of motor current and the s
ly voltage. An IGBT operating in the chopping mode
mploying symmetrical PWM strategy is used in the sec
tage to control the amplitude of the output average vol
s a result of the rectification stage, the waveforms of

oad voltage and current are repetitive at a frequency e
ouble the supply frequency.

.1. PWM switching strategy and dc voltage control

The generation of the IGBT driving signal is accomplis
y comparing a dc reference signal, having a variable am

Fig. 1. Schematic diagram of ac–dc buck-boost converter fed dc mo
nductor currentiL will rise and flows through the input sid
s shown inFig. 3a, causing energy to be stored in the
uctor. In this mode, the loop of the motor terminals and
utput capacitor are isolated from the supply. Therefore
apacitor charge, accumulated from the previous period
e discharged through the armature winding. The system
tay in this mode for the turn on period of the switching fu
ion of the switching device. The bold lines inFig. 3a show
he possible current paths of the inductor and motor cur
uring the charging mode.

.2. Discharging mode (mode 2)

The discharging mode is complementary to the char
ode. The system is transferred to this mode when the sw

ng device is turned off and the diode D will be forward bias
he inductor currentiL falls through the output side and flo

hrough the output capacitor C and the dc motor as show
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Fig. 3. Operation modes and current paths for positive half-cycle.

Fig. 3b. The inductor voltage reverses its polarity and it for-
ward biases the diode D. The energy stored in the inductor
would be transferred to the motor and the inductor current
will fall until the switching device is switched on again in the
next cycle or until inductor current decreases to zero (mode
3). The capacitor is charged according to a decrease in the
inductor current.

3.3. Mode 3

In mode 3, the switching device is still off but the circuit
conditions may cause the inductor currentiL to fall to zero
such that the diode D becomes reverse biased. This mode lasts
until the switching device is turned on again. The system will
stay in the discharging mode for a period determined by the
system parameters. Of course, this period does not exceed
the off period of the switching device. If the inductor current
iL is assumed flows continuously, mode 3 disappears.Fig. 3c
shows the equivalent circuit during this operation mode.

4. Model formulation

In this section, the transient and steady state analysis of
the ac–dc buck-boost converter will be discussed. The power
e ching
f ency

so that during each switching cycle the input and output volt-
ages can be considered constant.

4.1. Transient analysis

The state variables describing the dynamic behavior of a
separately excited dc motor fed from buck-boost converter
depend on the switching conditions of both the switching
device and the diode D. Three modes of operation are con-
sidered as illustrated inFig. 3. In the all of the above three
operating modes, the diode bridge output voltage is given by

v = |vs| = |Vsm sin(wt)| (1)

The general voltage equation of a separately excited dc motor
can be written as

vo = Rmim + Lm
dim

dt
+ kmωm (2)

While the electromagnetic torque equation is written as

Te = TL + J
dωm

dt
+ Bωm (3)

wherekm is the motor constant and given by

km = kvif (4)
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lectronic components are assumed ideal and the swit
requency is assumed much greater than the supply frequ
 ,

nd the developed electromagnetic torqueTe is given by

e = kmim (5)

he analysis is formed in a generalized form that is ap
able irrespective of the number of pulses per supply c
he developed analysis and solution are experimentally

fied. For analysis purposes the supply voltage is assu
inusoidal.

According to the selected current directions show
ig. 3, the following state/performance equations in the

erent modes can be found as follows:
Mode 1

= L
diL

dt
(6)

s = iL (7)

c = −im (8)

c = C
dvo

dt
(9)

Mode 2

diL

dt
= −vo (10)

s = 0 (11)

L = ic + im (12)

c = C
dvo

dt
(13)
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Fig. 4. Inductor current and voltage waveforms during one switching cycle.

Mode 3

ic = −im (14)

is = iL = 0 (15)

ic = C
dvo

dt
(16)

4.2. Steady state analysis

The steady state analysis procedure is aimed at modeling
the converter in order to obtain an approximate equivalent
circuit for ac–dc buck-boost converter.

Fig. 4shows the steady state inductor current and voltage
waveforms during one complete switching cycle for a con-
tinuous and discontinuous inductor current. Due to the use of
high switching frequency, the input voltage can be assumed
constant during the switching period.

The inductor voltagevL is the input voltagev during the
charging mode and is the output voltagevo during the dis-
charging mode. For constant switching frequency and quasi
steady state analysis of the switching converter, the average
inductor voltage during each switching cycle can be given as
a function of the chopper duty cycled by

v

w dc
c pec-
t ct

to v(t). The inductor voltage is given by

vL(t) = L
diL

dt
(18)

where iL(t) is the average inductor current during each
switching period.

The inductor current, which produces the output current
during the discharging mode, is caused by the input current
during the charging mode. Hence, the following relations are
obtained for the input and output currents:

is(t) = DiL(t) (19)

io(t) = (1 − D)iL(t) (20)

whereis(t)andio(t) are the average input and output currents,
respectively, during one switching period.

From Eqs.(17) and (18), the following relation is obtained:

Dv(t) = L
diL

dt
− (1 − D)vo(t) (21)

Substituting from Eq.(20) into Eq.(21) results

D

1 − D
v(t) = L

(1 − D)2
dio

dt
− vo(t) (22)

Eq. (22) represents a steady state equivalent circuit for the
buck-boost ac–dc converter shown inFig. 5. From which,
t
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L(t) = Dv(t) + (1 − D)vo(t) (17)

herev(t) andvo(t) are the average rectified voltage and
onverter output voltage during one switching period, res
ively, provided thatvo(t) is of opposite polarity with respe
he following current relation can be obtained:

dvo(t)

dt
= io(t) − im(t) (23)

t must be noted that the output capacitor has to be s
iently large to smooth the dc output voltage, which fluctu
t twice the supply frequency, as in the conventional d
ridge rectifier. At steady state and for a sufficiently la
alue of the output capacitor C, the average values of the
ut voltagevo(t) and currentio(t) can be assumed consta

he average value of the second component of Eq.(22) is
qual to zero; and the transfer function of the output vol
ith respect to the input voltage is obtained as

vo(t)
v(t)

∣
∣
∣ = D

1 − D
(24)

he above equation results in a relationship between the
ut voltage and the dc rectified voltage. From Eq.(24), it

s clear to note that the proposed converter operates i

Fig. 5. Approximate dc equivalent circuit of ac–dc buck-boost conve
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Table 1
Simulated circuit and test motor parameters

Parameter Symbol Value

Maximum supply voltage Vsm 70.69 V
Supply frequency f 50 Hz
Switching frequency fs 1.8 kHz
Capacitor C 330�F
Armature resistance Rm 2.95�

Armature inductor Lm 6.0 mH
Motor constant Km 2.11 V/(rad/s)
Inductor L 95.8 mH
Moment of inertia J 0.25 kg m2

Fig. 6. Computed and experimental variation of output voltage.

stepping-up mode for duty cycled >0.5 and in the stepping
down mode ford <0.5. Ford = 0.5, the output voltage is equal
to the dc rectified voltage.

In practice the interval of mode 3 is very short, if it ex-
ists, when the switching frequency is sufficiently high as de-
scribed in this paper. Neglecting the operations correspond-

Fig. 7. Computed and experimental variation of motor speed.

ing to mode 3, the ac–dc converter shown inFig. 1 can be
represented by the dc equivalent circuit shown inFig. 5and
the converter can be taken to be a dc–dc converter in which
the supply is the fully rectified voltagev(t) andd is the duty
cycle of the switching device. A buck-boost regulator pro-
vides an output voltage which may be less or greater than the
input voltage-hence the name buck-boost. This converter is

Fig. 8. Experimental voltage and current waveforms: (a) armature voltage;
(b) armature current; (c) inductor current; (d) supply current.
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Fig. 9. Comparison between computed and simulated transient run up characteristics: (a) armature voltage; (b) armature current; (c) inductor current; (d) supply
current; (e) developed torque; (f) motor speed.
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Fig. 9. (Continued)
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also known as inverting converter because the output voltage
polarity is opposite to that of the rectification stage output
voltage.

5. Simulation and experimental results

Simulation studies: As shown in the analysis, the con-
verter is assumed to operate with ideal circuit elements and
switches. The state Eqs.(6)–(16)which describe all the op-
erating modes of the converter are solved numerically using
fourth order Rung-Kutta method. In order to ensure the proper
transition of the operating modes, the initial conditions of the
state variables at the beginning of each mode are computed
from the final conditions of the state variables of the previ-
ous one. Simulation results based on MATLAB-SIMULINK
software are used too and the results are nearly agreed.

In order to verify experimentally the principle of opera-
tion and the validity of theoretical analysis results, a small
power prototype rating 2.2 kV A (220 V, 10 A) has been im-
plemented in laboratory. The power stage of the experimen-
tal system of the PWM ac–dc converter shown inFig. 1
composed of the following components: the main power cir-
cuit, a PSB 35/14 (1400 V, 35 A) diode bridge rectifier, a
MG50J2YS1 (600 V, 50 A) insulated gate bipolar transistor
(IGBT) used as a switching device, a dc motor rated 1.25 kW,
1 rep-
r or of

F
o

330�F is chosen in order to have a near free-ripple output
dc voltage. The simulated and experimental circuit constants
and conditions are listed inTable 1. the switching frequency
used is 1.8 kHz. The maximum ac supply voltage is chosen
to be 70.69 V to give the motor rated voltage of 180 V at a
duty cycle of 0.8.

The computed, simulated and experimental obtained av-
erage output voltage characteristics against the duty cycle are
represented by the curves shown inFig. 6. It is clear that the
output voltage can be regulated from zero value to greater
than the peak value of the supply voltage by controlling the
duty cycle. The average output voltage is very sensitive to
changes in duty cycle and the average output current is less
than the average inductor current by a factor of (1− d). It
must be noted that, the buck-boost converter provides out-
put voltage polarity reversal without a transform and it has
high efficiency due to the fact of using only one switching
devise.

Fig. 7shows the computed and experimental variations of
the motor speed with the duty cycle. A wide control range
can be obtained by controlling the duty cycle.

From Fig. 6 it is clear to note that, the output voltage is
controlled theoretically from 0 to 410 V by controlling the
duty cycle fromd = 0 tod = 0.9 and is controlled experimen-
tally from 0 to 180 V; the rated motor voltage; by controlling
the duty cycle from 0 to 0.8. Also, as shown inFig. 7, the mo-
t rom
z

 
 

 

80 V, 8.6 A, 735 rpm coupled to a dc generator which
esents an electric load for the motor. An output capacit
ig. 10. Negative disturbance in load torque from 8.5 N m to no load at time
f 2.0 s for a duty cycle ofd = 0.8: (a) developed torque and (b) motor speed.

F
2

or speed is controlled theoretically and experimentally f
ero speed atd = 0 to the rated speed of 765 rpm atd = 0.8.
ig. 11. Positive disturbance in load torque from 8.5 to 17.0 N m at time of
.0 s for a duty cycle ofd = 0.8: (a) armature voltage and (b) motor speed.
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Fig. 6proves that the proposed work involves a step up/down
operation.

Fig. 8 shows the experimental steady state voltage and
current waveforms. The motor applied voltage can be made
continuous and more ripples free by using a large capacitor
instead of 330�F used capacitor and the motor current is
continuous and almost ripples free as shown inFig. 8b. The
inductor current is also continuous; it increases during the
charging mode (mode 1) and gradually decreases during the
discharging mode (mode 2). Mode 3 is absent due to the
use of high switching frequency. However, the input current
is discontinuous; it equals the inductor current during the
charging mode and equals zero during the discharging mode.

Fig. 9 shows the transient run up characteristics of the
motor applied voltage, motor current, inductor current, sup-
ply current, developed torque and motor speed, respectively,
computed from the mathematical model described by the
state Eqs.(6)–(16)at a duty cycle of 0.8 and at half the full
load torque (8.5 N m) as compared with those obtained from
the MATLAB-SIMULINK software. The difference between
computed and simulated characteristics is mainly caused by
the switching device losses, not taken into account in the
analytical model.

The transients due to sudden load changes of the motor
at steady state are shown inFigs. 10 and 11. Fig. 10shows
the computed system response of developed torque and motor
s N m)

F
o
s

to no load at time of 2 s. The motor speed is increased from
765 to 815 rpm.Fig. 11shows the same quantities for a step
change in load torque from half load (8.5 N m) to full load
(17.0 N m) at time of 2 s, where the motor speed is decreased
from 765 to 710 rpm. The results of the two figures are at duty
cycle 0.8. Also, the effect of the change in the duty cycle on
the steady state characteristics of the motor is investigated
in Fig. 12, which shows the change in the motor armature
voltage and the speed when the duty cycle is changed from
0.8 to 0.7 at time of 2 s. The average motor armature voltage
is decreased from 180 V at duty cycle of 0.8 to 105 V at duty
cycle of 0.7 and the motor speed is reduced from 765 rpm at
duty cycle of 0.8 to 423 rpm at duty cycle of 0.7.

The proposed topology of buck-boost converter is appro-
priate for low and medium power applications, such as power
supplies and motor drives. It is also can be used for starting
of dc motors to limit the starting current to the desired value
by controlling the duty cycle to give the required armature
voltage at starting period.

6. Conclusions

The paper presents a steady state equivalent circuit and
a dynamic model for the transient analysis of a single-phase
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peed for a step change in load torque from half load (8.5
ig. 12. The effect of step change in the duty cycle from 0.8 to 0.7 at time
f 2.0 s for load of half the rated value: (a) armature voltage and (b) motor
peed.
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