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ABSTRACT

This paper presents a systematic analysis and design of a single-phase boost power
factor correction (PFC) converter supplying an inverter-motor drive system. The PFC
converter is a single-stage single-switch boost converter that uses a current shaping
technique to reshape the non-sinusoidal input current drawn by the motor-drive
system to a near sinusoidal waveform. The resultant is a current input with almost
free-harmonics, which comply with the IEC 61000-3-2 limits, and a system operates
with near unity power factor. The other function of the boost converter is to provide a
regulated DC voltage to the inverter-motor system. The motor drive system
incorporates al-hp induction motor fed by a Pulse Width Modulation (PWM) inverter
with open-loop voltage to frequency (v/f) control. This drive system is analyzed as a
load across the converter and its equivalent resistance is extracted and used in the
PFC controller design. The theoretical and experimental results are compared to
validate the analysis.

Keywords :Index Terms—Boost converter, power factor correction, induction motor,
equivalent resistance.
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INTRODUCTION
ost industrial applications utilize induction motors as variable speed drives
such as inverter-fed variable-voltage variable-frequency and field-oriented
controlled ac motor drives. Consequently, the traditional rectifiers, which
are largely used to provide dc source for these drives, cause significant harmonic
problem and poor power quality due to the nonlinearity of the diode rectifier and the
capacitive filter (between the rectifier and the inverter). This behavior causes non-
sinusoidal input ac currents leading to inject harmonics into the utility lines and thus
producing a current distortion. These effects draw the system performance to a low
power factor and reduce the maximum power available from the power lines and so
reducing the efficiency.

Recently, Power Factor Correction (PFC) converters have been used in these drive
systems to improve the power factor of the input current waveform and to meet the
requirement of international standards such as IEC 61000-3-2 [1]. On the other hand,
these converters are responsible for regulating the DC bus voltage supplied to the
inverter-motor stage. The converter-inverter systems for motor drives have been
covered in the literature with different topologies [2-7] and an input utility with
nearly unity power factor and low harmonic distortion are obtained. However, most
of the work dealt with PFC for motor drive focus on the inverter-stage and its control
scheme [8-12] while the PFC control has not been very much studied. Specifically,
the behavior of the inverter-motor stage as a load across the PFC converter has not
been clarified. This issue was first reported by Bellaret al. [13] and later addressed by
Chai and Liaw [14] but without any analysis.

A typical single-phase PFC converter fed three-phase motor drive system shown in
Fig.1 comprises of input voltage rectified circuit, boost PFC converter, and inverter-
motor stage. The output voltage of the boost converter is a DC voltage (with
insignificant 2nd-order harmonic ripple). This DC voltage is supplied to the inverter-
motor drive system, which is considered as a variable load; accordingly, this variable
load is seen by the boost converter as a variable resistive load. It will be shown, in
section 3, that in order to design the PFC controller, this variable resistive load should
be known. To do so, the inverter-motor system was analyzed to understand its
behavior and to extract its equivalent resistance that is seen by the converter. This
issue has never been discussed in the reviewed literature concerning the PFC for
motor drives system. Therefore, verifying this issue represent an object in this paper.

The first function of PFC converter is to eliminate the harmonics content in the
input current and ensure high power factor. Boost converter operated in Continuous
Conduction Mode (CCM) is the most frequently form of a PFC converter [15-17],
and the Average Current Control (ACC) is the common technique used in PFC
converter which incorporates two loops (inner current loop and outer voltage loop).
Usually, a current error amplifier, which is a two-pole, one-zero compensation
network, is used in the inner loop which increases the complexity in control system.
Furthermore, a systematic derivation procedure for both control loops (inner and
outer loops) is still missing and this necessitates the use of trial-and-error procedures
in the design of the control parameters [15]. The derivation procedure proposed by
Chu et al. [15] results in a complex control circuit due to the existence of the current
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reference differentiator and the use of four sensing circuit instead of three as in ACC
technique. Another category is reported in the development of the current mode
technique, which is the feedforward control [18-21]. Basically, the objective of this
technique is to generate a nominal duty ratio pattern in order to ease the task of the
feedback controller. All the previous mentioned works used a digital controller to
implement the feedforward controller.

Single Diode Boost 3-phase 3-phase
Phase & _ . PWM 1= Induction
Supply BT Converten Inverter Motor
PFC Control Equivalent Resistance Seen by
Circuit Boost Converter

Figure.(1) Block diagram of boost PFC converter fed induction motor

The PFC converter is often ended with an output capacitor to provide a good
regulated DC voltage. This is the second function of the PFC converter achieved
through the outer voltage loop. The design of the outer loop in a single stage
converter topology is difficult due to the presence of a relatively high ripple with
twice the line frequency on the output voltage. This voltage ripple causes a
considerable distortion in the reference current generated by the voltage loop, which
in turn distorts the input current. However, if the output capacitor is relatively high
and the voltage controller is designed with a low bandwidth the input current
distortion is nearly disappeared. A poor dynamic response is the result of this
approach, in other words, the output voltage would have a slow transient response
with a relatively large overshoot that may add more stress on the circuit components.
Many approaches have been reported in the literature to improve the transient
response but at the expense of harmonic reduction, cost, complicated control circuit,
or narrow load ranges. In fact, with a single stage PFC converter, it is difficult and
nearly impracticable to achieve good dynamic response (good voltage regulation) and
minimum input current distortion (good PFC) at the same time [22]. This is because
there is an inherent trade-off between output voltage dynamic and input current
distortion in the single stage converter.

In this paper, a simplified version of the feedforward controller presented in [19] is
used that it can be easily implemented with analogue circuit. The effect of input
voltage variation can be removed from the current control loop by introducing the
feedforward signal and then a simple proportional (P-controller) is used in the
feedback control loop. A Proportional-Integral (PI) controller is used in the outer loop
with relatively low bandwidth, to eliminate the voltage ripples. The complete control
system is designed and implemented with analogue circuit devices.

SYSTEM CONFIGURATION AND MODEL
Operation Principle of Boost PFC Converter:

Single-phase single-switch boost PFC circuit consists of a main power circuit
and a control circuit as shown in Fig.(2). The power circuit mainly comprises of a
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full-bridge diode rectifier circuit followed by a boost dc-dc converter and a capacitor
filter. A well-designed controller that controls the main switch in the converter can
perform a unity power factor correction and output voltage regulation. PFC converter
utilizes two-loop control structure; with an outer voltage-regulating control loop
providing reference to an inner current-shaping loop.

Through the action of the inner loop controller, the inductor current is constrained
to follow the rectified input voltage, resulting in a nearly sinusoidal input current
waveform. According to the conventional structure of feedback control system shown
in Fig.(3), the voltage controller (G.,) in the outer loop is used to regulate the error
signal (v,,--) and produce the control signal (v;;). By multiplying v;; with the rectified
sine wave (vye.) a current reference i,.r is yielded. Then, the switching control is
obtained by comparing the current controller (G.;) output, which is denoted by
(vcont), With a fixed frequency triangular wave (v;,;) through a PWM comparator to
achieve the input current shaping.

To simplify the analysis of the converter for high PF operation with low line
current total harmonic distortion, the following assumptions are made:

e The power switch and the diode are ideal switches and the switching losses are
neglected.
o Parasitic components of the inductor and the output capacitor are neglected.

Inner Current Control Loop
In the current control scheme shown in Fig. (4), the feedback controller (G;;,) is
augmented with a command feedforward controller (G;f) which is used to reduce the
command tracking error. Considering that the converter is operated in CCM and the
output voltage is ripple-free due to the sufficiently large capacitor C,, and well
regulated such that it is assumed equal to the voltage reference Vs, the
differentialequation (1) which represents the state space average model of the power

stage may be expressed as [15]

di
Ld_tL = Vpec — (1 — d)Vref - (1)

According to Fig.4, the duty ratio dcan be expressed as
1% 1% +v
d = cont _ contb contff (2)
. . Vtrl’ . Vtri . . .
where V,,.; is the amplitude of the sawtooth signal and 1 /V;,.; is the gain of PWM unit.

Verr

Diode Bridge Boost DC-DC Converter

ViL, i e
! i Current
+ Controller

- T Gai

Vo

is iL

Vrec 19

) 4
PFC Control Circuit

Figure.(3) Control scheme of the

Figure.(2) Block diagram of boost PFC
. converter
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The command feedforward control (v¢on:fr) can be given as [19]

v

Vcontff = Viri (1 - Vrec) ..(3)
ref

By substituting (2) and (3) into (1), the inductor current equation will be simply given

as
di, Vies
- = 77 Vcontb
dt LV,
Due to the linear nature, equation (4) can be expressed in the s-domain as:
i(s)= ﬂv (5)
L SLth- contb
Equation (5) shows that the effect of input voltage variation in the average model of
the power stage (equation (1)) had been removed by introducing the feedforward
signal v.ones5 in the control loop. Further-more, the equivalent plant model in the
Fig.5 is a first-order model. This means that a simple Proportion-type (P-controller)
can be used in the current controller, that is, G;,(s) = k,; where k,; denotes the
proportional gain.

. (4

Current Loop
Gip . Model_____________.
i
Boost |, ;
i |Converter, ref
kpi
E
' d
1
- —
Veone Vtri

Figure.(5) Equivalent current-loop
Figure.(4) Current control control [19]

scheme [19]

From Fig.(5), the open loop G;,; (s) and closed loop G;.; (s) transfer functions can
be expressed as

ki kyiV,
GioL(s) = —zLsz _;ef .. (6)
tri
i(s k,:V,
Gic () = 5 _ pLres - (7)

iref(s) LVipis + kiLkinref
where k;; denote the sensing gain of the inductor current.

Outer Voltage Control Loop:

A simple proportional-plus-integral (PI) type controller is used to control the outer
voltage loop. The dc side capacitor voltage (v,) is fed back and compared with a control
reference, and the error v, is compensated by the Pl-controller to produce v;; which in
turn provides the reference current to the inner-loop through multiplying it by a rectified
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sine wave signal s(t) as shown in Fig.6. The transfer function of the Pl-controller can be
expressed as
k; s+ w,
ch(s) = kp + ? = kp S (8)
where k,, and k; are the proportional and integral gains, respectively, w, is the
angular frequency of the zero in the PI controller and w, = k;/k,.

To design the outer loop controller, the inner loop is considered as a unity gain block;
the inductor current i, has tracked the reference currenti,.¢, as illustrated in Fig.(6).
Then, referring to Fig.(7), the open loop transfer function of the outer loop G, (s) can
be expressed as

GyoL (s) = ch(s)Gpv(S)kvo - (9)
The small signal control-to-output voltage transfer function (G, (s)) which can be
used to design the voltage loop is expressed as [25]

?,(s ki k? R
Gpv(s) = AO( ) =73 ) ...(10)
DiL(s)  kyprkiVo 2+ RCos
Now, substituting (8) and (10) into (9) yields
k,ik?k,o Rogk,(s + @
Guou(s) = lifeo Realtp( T ) et

where ky;, ko, kygp denote the scaling factors of the rectified input voltage,
output voltage, and the input voltage feedforward respectively. The load R is
replaced by (R.,) which denotes the equivalent resistance of the inverter-motor
system that will be derived in section 3. k; denotes the form factor (rms/average) of

the full wave rectified voltage which is equal to 1.11 (r/2+v/2) and expressed as

|4
ke = ];ms .. (12)
ff
where V., is the rms of the input supply, V¢ is the output signal of the input voltage
feedforward circuit which represents the average of the rectified input voltage. This feedforward
voltage is essential to remove the effect of input voltage variation by generating a rectified sine
wave signal s(t) [23].

Closed Power Stage Verr :
Current Loop v : Vo
g G,,(s)
Vre ! B
Vyer Jerr ViL, iref i Vo g ch(s) : >

. | s R | > i
In e (s) V, 2+ RCys - |
— 1

S(t) iref = iL

170 UTEA
—»|Divider|
k‘UD
szfI
Figure.(6) Voltage control Figure.(7) Block diagram of the

scheme 1781 voltage loop
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PFC Converter Fed Induction Motor Drive

As illustrated in Fig. 1, the PWM inverter with open loop constant voltage to
frequency (v/f) control is feeding the three-phase induction motor as a variable
speed drive. The inverter-motor drive system is connected to the DC-link of boost
converter. Since the inverter-motor drive system is supplied by a DC voltage via the
boost converter with negligible output voltage ripple, the drive system is drawing DC
current. Accordingly, the equivalent load represented by this system that seen by the
converter is considered as an equivalent resistive load. The objective here is to
analyze the inverter-motor system and find this equivalent resistance. This may be
done by reflecting the motor equivalent impedance through the inverter and back to
the converter.

Input Power Equation: The stator active input power is given as [26]
P;y, = 3Viull;|coseq ..(13)

where V;,, denote the rms phase voltage input to the motor and ¢, is the angle
between input voltage V;,, and the input current I.

Depending on The approximate per-phase equivalent circuit of three-phase
induction motor at steady state operation, the input power can be rewritten as [25]

P.. = 32 _ T
" m (T1ZZs + xfz)

where 11,5 and x;, represent (r; + ) and (x; + x,) respectively; r; and x, are
the stator resistance and reactance respectively, (r,s = 7, /S, where S is the motor
slip) and x, represent the rotor equivalent resistance and reactance referred to the
stator respectively.

It should be noted that the magnetizing resistance (r;,,) is not considered in equation
(14). Now, the input power can be derived taking r,, into account to be as follows [25]

. (14)

.. (15)

Reflection through PWM Inverter: The typical PWM inverters employing triangular-
sinewave modulation drive the switching signals through comparing a sinusoidal
reference signal with a high frequency triangle wave signal. The rms value of output
fundamental line to line voltage of the PWM inverter is expressed as follows [8]

V3m
2\/2

where V. is the inverter DC bus voltage which represents the output voltage of
the boost converter (1), and m is the modulation index (0 < m < 1).

Now, for delta-connected induction motor, the line to line output voltage of the
PWM inverter represents the input voltage to the motor, i.e. V;_; = V;,, then

_
C2V2

VL—L = VdC (16)

Vi
Substituting (17) into (14), we get:

Vac v (17)
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T12s
dc
8 (rlzzs + x122)

.. (18)

V/F Control Technique: This technique depends on supplying a constant ratio of
magnitude and frequency of the stator voltage in an AC motor drive system. To
validate this, usually the following assumptions are required:
¢ The voltage applied to the three-phase induction motor is sinusoidal.
e The voltage drop across the stator resistance is small compared to the stator voltage.
Then, at steady state,
= Yin __Vi .. (19)
W  2fin
where v denotes the stator flux linkage, w is the angular frequency, and fi,,, is
the fundamental frequency of the PWM inverter. Accordingly, for obtaining a
constant flux, the stator voltage should be adjusted in proportion to the supply
frequency, then:

= . (20)

For variable speed operation, the typical torque slip characteristic for three-phase
induction motor under a constant load torque, with negligible mechanical losses, is given
in Fig. 8. In this situation, the supply voltage is not constant, but is varied in proportion to
frequency in order to keep the motor magnetic flux constant at its rated value. The rotor
slip and speed change as the frequency changes. The synchronous and rotor speeds at the
reduced frequencies are wg; and w,; respectively, where i is an integer humber. From
Fig. (8), one can say that (ws — w,;) is remaining nearly constant as the frequency
changes. This may be valid approximation if one assumes that the torque-slip
characteristics are linear within the constant load range and remain with the same slope
when the slip is changed. Then,

Kpi = Wsi — Wy - (21)
where K, = K, = K,,; = K,,, and K, is a constant.

Substituting (21) in the slip-speed relationship, yields:

s O Ko o Ko .. (22)
Wy Wg 27Tfinv/pp

where p,,denotes the pole-pairs of the induction motor.

TA

Tmax

Constant\oad torque

$=1 wi Si 3 Ss Koz S K1 51 s
' 1 ' ' 1
w,=0 Wy Wy Wy3 W3 Wrz Wsz2 Wy Wgy

Figure. (8) Torque-slip characteristics for variable speed operation
1271
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To find a relation between the modulation index and slip, the frequency of the
inverter f;,,,, in equation (22) should be replaced using equation (20):

K,
S=— .. (23)
2”Vin/ppk

By using (17) and (23), the modulation index can be expressed as:

V2 p,kK
m=2Pptte . (24)
\/§T[VdCS
By substituting equation (24) into the input power equation (18), yields:
3 kK, \° T
Pin = —(pp “’) L .. (25)
4\ ns (15 + x75)

where P;,, represents the input power to the motor or the output power of the
inverter. The efficiency of the inverter can be expressed as:
P;

Ninw = ch .. (26)

where P, is the DC input power to the inverter-motor system which represents
the output power of the boost PFC stage (P,), and can be expressed as
Py =P, = VI, .. (27)

where [, denotes the dc output current.
Then, by substitute (25) and (27) into (26), we get:

3 ( ppkKw>2 Ti2s
4\ 7§ (r%s + x2)

VoloNiny = (28)

Then, equation (28) may be rearranged to be equivalent to the DC current which
has been drawn by the inverter-motor system as follows:

LYo _ 3 <ppkKw>2 Tias
? Req 477inv nVo ? Sz(rlzzs + x122)
_ ksVo T12s

= .. (29)
Ninv 52(7'1225 + x%z)

2
. . 3 [ PpkK
where kg is a constant and given as: kS =- (—p w)
4 vV,

From equation (29), one can simply extract the equivalent resistance that is seen
by the converter to be as:
_ S%(riys + x7,)

R
e ksrlzs

Ninv (30)

Then, with negligible losses in the inverter, then
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§%(rfps + X75)
—_— ..(31)
ksTi2s
The equivalent resistance expressed by equation (31) is dependent on two
variables: the slip and the reactance of the induction motor. In general, any reactance
(x) in the induction motor is expressed as (note that the supply frequency is here the
frequency of the inverter):

Req =

X = 21 finyL .. (32)
Then, using (22), equation (32) becomes:
i (33)
X =
S/pp

Equation (33) shows that all the reactance of the motor can be expressed as a
function of slip only. Then, Equation (31) becomes now as a function of slip and by
considering equation (15), that takes the value of 7, into account, the equivalent
resistancewill be expressed as:

S%1 (15 + X75)

R., =
q 2 2
ks(ri%s + xi5 + Ti25Tm)

..(34)

Specification And Design

The design process starts with the specifications for the converter performance.
The minimum and maximum line voltage, the maximum output power, and the input
line frequency must be specified. The design of the boost PFC converter is made on
the basis of the following specifications:
¢ Input voltage range (rms): 85-135 V
Line frequency (fiine): 50 Hz
Output voltage (1;,): 300 V
Maximum output power (P, ;,qx): 750 W
Switching frequency (f;): 30 kHz

Inner Loop: To achieve tight control, and good dynamic performance of the
inductor current, the current loop must have high low-frequencies gain and wide
bandwidth [23]. For the utility line frequency (f};n.=50Hz), the gain crossover
frequency (f;) should be > 2f;;,. and may not be larger than 1/2 of the switching
frequency f; [19]. If the current loop is designed with low f,; (close t0 2f;;n.), @ zero-
crossing distortion of the line current waveform appears due to the leading phase of
the current relative to the line voltage. This leading phase is a result of control action
of the current loop compensation scheme [24]. The current loop dynamic response
should be designed depending on the crossover frequency f,;. From equation (6), the
unity gain crossover frequency can be found as

ki k,iV,
= e .. (35)
ZﬂLth’
By determining the crossover frequency, the parameter of P-controller (k,;) can
be found from equation (35). The crossover frequency is chosen here to be 1/6 of the

switching frequency f;, that is f,; = 5kHz. Values of V,,; and k;; are chosen to be 3.2
and 0.1 respectively, then k,,; can be calculated as
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= rL fthri
Pl 3kiLVref
According to (36), ky; is calculated to be equals to 5.

..(36)

Outer Loop: The frequency response (bode plots) for the open loop transfer
function of equation (11), with different slip values, may give a good picture of the
steady state and transient response performances of the outer loop. The parameters of
the Pl-controller may be computed to be a function of R., [25].To determine the Pl
Parameters, the outer-loop is compensated to satisfy the following design requirements

e Phase margin (¢,,)> 45°.
e Overshoot is less than 20%.
o Settling time is below 100ms.

By using the circuit parameters in table I, the open loopG,,; (s)and the closed
loop G,,¢1, (s)transfer function can be given as

Reghy (s + wy)

G = 0.0303 - (37
voL($) 0.002R,q52 + 25 G7)
(GUOL (s))unity feedback
GvCL(S) =
1+ kvo (GUOL (s))unity feedback
1.82Rogkys + 1.82R,gkpw, (38)

" 0.002R,q52% + (2 + 0.0303Reg k)5 + 0.0303Req kep,

Using equations (37) and (38), Bode plots of the voltage loop can be computed
using Matlab program and then the parameters of the PI controller can be found [25].
Fig. (9) shows the open loop frequency response and the step response of the outer
loop for full load and no-load with R, represented in equations (31) and (34). In
essence, equation (34) will be considered as the dependent one in the design of the
controller since the system behavior is more stable and has lower overshoot than if
equation (31) is used instead; especially at light load. Since the controller parameters
are depending on the equivalent resistance R4, Whichvaries with motor slip, this
variable resistance should be maintained on a desired value that leads the controller to
be a more stable. So, the loop response is examined for different load values
(different values of R,) to obtain different values of the Pl parameters corresponding
to each R, value. This can be seenin Fig. 10, which shows that the system is stable
for all values of R, (from no-load to full-load slip) but the overshoot and settling
time are slightly varying according to the variation in R,,. Accordingly, R, value
corresponding to full-load state is to be considered in equations (37) and (38).
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for different load conditions, upper: open loop, lower: Step
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Now, to satisfy the design requirements, the frequency and step response of the
outer loop will be examined according to the unity gain crossover frequency (f;) and
phase margin ¢,,. First, the value of ¢,, is to be maintained at 60°, and f,. is to be
changed in the range of (3-25Hz) as in Fig (11). The figure shows that the increase
in f, improves the dynamic response (by the decrease in settling time (t,)) but on the
other hand, the peak response (maximum overshoot (M,)) is increased. This requires
a compromise between the peak response and settling time. Note that the allowable
tolerance of determining t is considered here within 2%.

Then, as shown in Fig (12), the value of f, is now maintained on 20Hz, and ¢,,, is
to be changed in the range of (30" —80°). The peak response is indirectly
proportional to the variation in ¢, but the proportionality between ¢,, and ¢, is
irregular. The minimum value of ¢, is obtained with ¢,, = 70°and the maximum
overshoot, M, is equals 15% for ¢,,, = 70°.

Now, to be able to determine the controller parameters, both crossover
frequency f, and phase margin ¢,, should be determined. Concerning the phase
margin, ¢, = 70°gives appropriate response (t; = 60ms,M, = 15%). The
crossover frequency which is compatible with the design requirements is f, = 15Hz.
Then, PI parameters is computed as k,, = 4.5 and w, = 48 (or k; = 216). The loop
dynamic response is then examined for different load conditions. The open loop
response in Fig. 14 shows that at full-load and at f. = 15Hz, the phase angle (¢,)
equals —110° (¢,, = 70°). As the load decreases, the phase margin is slightly
decreased and at no-load it reaches 64°. For the step response, the maximum
overshoot M, fluctuates between 14.5% at full-load and 20.5% at no-load. The
settling time is slightly varying between 78.5msec and 76.5msec. Then, referring to
Fig. (14), the bandwidth of the outer-loop is slightly varying between 19Hz
and 20Hz.

100 : : : 100 "
s g i s eemee
g B g === NN € m =
5 P 5

i S
Ea e N 2
g s
2 50 i ==
fe=oH =
-1 T : e 0
s pEE
5 = { : ’/// =
g &
%71 \ = §i ﬁ 1
[ 2
: —— W a5, i
- o
SE
150
107 10" 100 10’ 10 w18

Frequency (Hz)

&

74 p B f. =3Hz,t, = 275ms, M, = 13.3% - | 5] bm = 30°t, = 113ms, M, = 46.2%
72 If-: | O f. =5Hz,t, = 178ms,M, = 159% # O Pm=45%t = 70ms, M, = 32%
o "W fo = 10Hz,t; =96ms, M, = 19.1% | N/ B n =60t =69ms, M, =21.5%
S&1) U O f = 15Hz b = 88ms , M, = 20.6% || s = ~4) O ¢ =70t =60ms,M, =15%
g = - - A » : S
il B f = 20Hzt, = 69ms, M, =215% | 2% |/ o B = B0°t, = 78ms M, = 8.4%
£ W [ =25Hzt, = 56ms M, = 22% ES e !
< 62 . oy 0= = =
mf :; e i s e ma B m,_gl 2
58 i
% 6ul'r_,"
="10 0.05 01 015 02 025 03 0.35 o4 oo 002 003 004 005 006 007 008 008 01 o1

Time (sac) Time (sec)

Figure.(12) Outer loop response at full-
load,f .=20Hz and for different values of
¢ (tsis obtained within 2%) ; upper: open
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Figure.(11) Outer loop response at full-load,
¢ = 60° for different values off. ; upper:
open loop, lower: step response
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System Implementation

In order to verify the designed system, a hardware prototype was built and tested.
The parameters and component values of the designed system are summarized in
table 1 and the induction motor parameters are given in table Il. Fig.15 shows the
laboratory prototype of the complete system including the control circuit. An
Insulated Gate Bipolar Transistor (IGBT) was used as the main switch in the PFC
converter, which has been operated with a switching frequency equal to 30 kHz. The
induction motor (with delta connection) was loaded by a DC generator which in turn
loaded by a variable resistive load.

The current controller includes the feedback P-controller and the command
feedforward controller. P-controller can be simply implemented using an op-amp as
shown in Fig.(15). Then the proportional control gain is calculated as:

R.
Gy = kp; = R—‘f . (39)
l

Implementation of command feedforward controller G;sf is shown in Fig.(15).

According to equation (3), the control signal v, s can be rewritten as:

_ Vtrl’Vs .
Veontff = Viri — |sinwt| .. (40)
ref
Using the data of table I, equation (40) becomes:
Veontrs = 3.2 — 0.01067(V;|sinwt|) = 3.2 — 1.659|sinat| ... (41)

It is worth mentioning that the current controller output v..,,; should be in the range
between zero and peak voltage value of the carrier signal V,,;. In this sense, one can say
that:

0 < (Veonth + Veontsf) < 3.2V

TABLE (1) TABLE (1)
Specifications of the designed system Parameters of induction motor
parameter value parameter value

Nominal line voltage (V) 110V Rated power 1hp
Converter output voltage (V,) 300V Rated shaft speed 2860 rpm
Line frequency (fiine) 50Hz Number of poles 2
Switching frequency (f;) 30kHz Rated rms voltage A220V /Y380 V

ki 5 Rated rms line current A441A1Y2.55A

k, 45 Stator resistancer; 8.15Q

k; 216 Rotor resistance 8Q
Maximum output power (P,) 750W Stator leakage reactance 6.635 Q
Boost inductor (L) 1.5mH Rotor leakage reactancex, 6.635Q
Output capacitor (C,) 2000uF / 450V Magnetizing resistance 7, 655.65 Q
Current sensing gain (k;;) 0.1 Magnetizing reactancex,, 232.65 Q
Input voltage gain (k,,;) 0.02258 Moment of inertia (]) 0.767x10° Kg.m?
Feedforward gain (k,sr) 0.02258 Friction coefficient 0.118x10"N.m.s/rad
Output voltage gain (k,,) 0.01666
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To achieve this, a zener diode, with a reverse voltage equal to the peak voltage
value of the carrier signal V,,;, can be used as shown in Fig.(15). For the voltage
controller, a typical analogue proportional-integral controller schematic is used as
shown in Fig. 15. By using the Pl parametersk, = 4.5 and k; = 216, the
components of the Pl-controller can be selected using the following equations:

Ry¢

.. (42)
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Figure.(15) Full schematic diagram of the boost PFC converter circuit
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At the instant of starting, with no initial voltage across C,, boost converter
suffers from a large transient inrush current due to the low input impedance of the
converter. This inrush current causes excessive stress on boost components, and may
causes saturation in the inductor. Another issue is related to the starting that the
control circuit is not in its normal working condition but in its full rating. As a result,
the switching on-state persists for relatively long periods, which can damage the main
switch. These issues can be solved by:

e Using inrush current limiter

e Using soft-start circuit

e Turning-off the IGBT until the capacitor is approximately fully charged.
Negative Temperature Coefficient (NTC) thermistor, with 10Q value, is used here as
inrush current limiter to reduce the inrush current caused by the output capacitor. For
the other two solutions, a start-up circuit, shown in Fig. (15), is suggested. The soft-
start is done by gradually increasing the reference voltage V;..;of the voltage
controller through a delay function. To turns-off the IGBT at starting, a hysteresis
band comparator is used to shutting-down the OR-gate until the voltage across the
output capacitor reaches 130V.

Experimental Results

At steady state, Fig. (16) shows the input line current of the PFC Boost circuit
with 110V (rms) input line voltage and the induction motor is fully loaded. A near
sinusoidal input current is obtained with the Total Harmonic Distortion of the input
current (THD;) equals to 2% and the PF is found to be (0.997). The harmonic
spectrum of the input line current is shown in Fig. (17).

Fig. (18) shows the output voltage of the boost converter at starting with the use
of the start-up circuit. At the instant of start-up, the main switch (IGBT) is in the off-
state for approximately 1sec and then the soft-start circuit delays the reference
voltage of the voltage controller with about 1.5sec to reach its steady state. The inrush
current is found to be 33A (peak) as shown in Fig.(18b). The measured harmonic
components of the line input current given in Fig.(19) is compared with the IEC
61000-3-2 Class A standard. The figure shows that the measured harmonic
components (rms) of the input current (I, ), expressed as a percent of the rms
fundamental current (I; ,,5), are much lower than those of the IEC limits.

Frequeﬁéy
(125Hz/div)

ime ) )
Figure.(16) Steady state waveforms of input ~ Figure.(17) Harmonic spectrum of
current i and input voltagev at full-load the measured input line current

andfin, = 50Hz, i (20A/div), v (100V/div) (rms) at full-load
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Fig. (20) shows the boost PFC converter performance in terms of PF, THD;, and
converter efficiency when the output power P, varies from 200W to 750W and with
finw €qual to 50Hz. The recorded input PF is found to be near unity and the THD of
input current is complied with IEC 61000-3-2 regulation. In spite of the hard
switching operation, the single-phase boost PFC shows good performance in terms of
efficiency. The system is tested with 85V and 135V input voltage at full-load
operation. THDi and PF are found to be 5.4% and 0.988 respectively for 85V input
voltage. For 135V, THDi and PF are found to be 3.2% and 0.991 respectively.

Time Time

@ (b)

Figure. (18) Output voltage v, and input current i; of the boost converter at
starting: (a) v, (100V/div); (b) i;(10A/div)

Fig. (21) shows the measured equivalent resistance (R., = V,/1,), as a function of
motor slip for different load condition with f;,, = 50Hz, compared with the
computed R, in both equation (31) and (34) which have been derived in section 3. It
is clear from this figure that the measured R, coincides with that of equation (34)
more than that from equation (31). This consolidates the choice of equation (34) in
the voltage loop design and validates the derivation of R, .
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Figure. (22) and Fig. (23) show the same considerations as in Figure. (21) but each
curve represents the equivalent resistance when the motor is running with different
load condition. The inverter frequency is changed from 50-25Hz in steps to obtain
different cases. Fig. (22) shows that the computed R,, from equation (31) diverges
from the measured one in all operating frequency ranges. Fig. (23) shows that the
computed R, of equation (34) is close to the measured R,,, when fi,,,, is in the range
of 50-40Hz, and begins to diverge (gradually) from it when f;,,,, is below 40Hz.

U For equation LI For equation
Comg e = (31)Practical T e o - (34) Practical -

200 it

fou=50Hz

100!
(L]

40Hz
45Hz

an2 083 an4 005 06 [T

[ ol
Motor slip Motor slip

Figure. (22) R.4 (from equation (31)) vs. ~ Figure. (23) R, (from equation (34)) vs.
motor slip for different load condition with  motor slip for different load condition
f inwVvaried from 50Hz to 25Hz with f;,,,,varied from 50Hz to 25Hz

Good agreements between the evaluated and the measured equivalent resistance
of the inverter-motor system have been obtained when the motor is operated at the
rated frequency and rated voltage (50Hz, 220V). However, when operating below the
motor rating under v/f control at a constant load operation, the evaluated equivalent
resistance has been gradually diverged from the measured one. This may be attributed
to one (or both) of the following:

The assumption of sinusoidal inverter: operation of the inverter with low frequency
and low voltage increases the harmonics in the inverter voltage, and hence, the
measured (averaged) current drawn by the boost converter is larger. Accordingly, a
lower value of the measured equivalent resistance is obtained compared with the
calculated value.

The assumption of lossless inverter: with low frequency operation, inverter losses are
increased (the efficiency decreased). It has been found (in section 3) that the
equivalent resistance is in direct proportion with the inverter efficiency.

CONCLUSION

In this paper, a systematic analysis and design of a single-phase boost PFC
converter supplying an inverter-motor drive system has been presented. The inverter-
motor system has been analyzed as a load across the converter. It has been found that
the equivalent of this load system, seen by the converter, can be represented as a
variable resistive load that is varying as a function of the motor slip. The analysis
shows that by finding this equivalent resistance, the design of the PFC controller
becomes easier and the control parameters can be designed according to frequency
response analysis to ensure system stability without the use of trial and error method.
Experimental prototype has been used to verify the analysis of the proposed method.
The experimental results showed good agreement with the analytical results.
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	 Input voltage range (rms): 85-135 V
	 Line frequency (,𝑓-𝑙𝑖𝑛𝑒.): 50 Hz
	 Output voltage (,𝑉-𝑜.): 300 V
	 Maximum output power (,𝑃-𝑜_𝑚𝑎𝑥.): 750 W
	 Switching frequency (,𝑓-𝑠.): 30 kHz


