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Thrahim Fatouh EL-Sayed

ABSTRACT. The paper describes and implements a stand-alone, unity power factor,
controllable current source converter system. It 18 based on high frequency PWM technique.
The converter topology is chosen to operate for both mverter and rectifier modes. Furstly, the
principic of operation is discussed. Then, the presented AC-DC converter that demands only
sinusoidal active current is studied. Most features of the conmwerter are cleardy interpreted for
resistive and dynamic loads. On the basis of the given analysis, the paper provides PWM
converter design guidelines for unity power factor operation. Also, a novel control strategy is
proposed, which allows to fulfill all the specifications; m particular zero reactive power demand
and very low distorted line currents have been guaranteed. The proposed method in this paper
utilizes simultaneously the control variables: modulation index D (variable PWM pattern) and
power angie 3 (position of the PWM pattern). The instantancous control for both achieves
high-dynamic responsc and insensitivencss to parameter variations and disturbances. Also, the
presented control structure employs power factor adjustment capability. This development
provides a low cost solution, where no digital signal processors or large memories for the
PWM generation are required. Results from device level PSPICE confirm the validity of the
proposed method and the performed analysis. The proposed system can be utilized for power
conditioning, DC and AC drive applications.

1. INTRODUCTION

Traditional power electronic systems are the main reason for harmonic pollution. This poilution
may lead to destructive resonance beside marny other drawbacks for the electrical distribution
systems. Most variable speed drive applications get its power via AC to DC converters.
Normally phase-controlled thyristors converters have been extensively used because of there
control simplicity. However, the line currents drawn by such converters have distorted waves
those posses harmonic and reactive power. On the other hand, the harmonic contents and the
reactive power are load dependent. Many atternpts were introduced to reduce such drawbacks.
For example input filters are used to reduce inmput hammonics, also a compensating system can
be used for power factor improvement. Another approaches uscs an additional power
clectronic schemes such as active filters [1]-[S] and reactive power compensators {6]-{8] that
adapt itself with the AC-DC converters to overcome its drawbacks. For these approaches, it is
difficult to eliminate all harmonics. Also, the load transients may cause difficulties for
compensation process. Morcover, the required additional compoments increase system
complexity that reduces its use as a low-cost option.

With the recent developed power electronic devices, a better rectifier approach can be
proposed in which the requirements are not only the output magnitude and shape but also the
input current, The controller modulates the converter switching devices with high frequency
instead of 2 stngle turn-on and tum-off per half cycle.

The old approach makes eye only on the output state (current or voltage) and thereby the
converter satisfies the output requirement with non sinusoidal line currents. The recent
developed approach uses PWM technique for rectifier schemes. It can offer several advanced
features such as sinusoidal input current at unity power factor and stmultaneous high quality
DC output. This m turn results in reduced current ripple and reduced AC voltage distortion in

R



Mansours Engincening Joumal, Vol. 20, No. 2, June 1993 E 58

the grid and thereby contributes to overall improved performance. The grid sinusoidal active
current reduces the losses and magnetic noise i the power transformers. The size of the
passive efements in the AC side is considerably reduced duc to PWM operation. Also, this
approach can preserve its high performance features even under unbalance in the input supply
that may be frequent, particularly in weak AC systerns. Thus both input and output coptrol
capability of such PWM controlled AC-DC converters make it very suitable for applications
such as magnet power supplics, DC motor drives, controfled voltage and current inverters,
reactive power control, and udlity interactive wind and photo voltaic systems. The new
generation of pulse width modulated controlled rectifiers has been widely studied. The
expected converter is the onc that stand alone with good performance level in terms of low
harmonic distortion, power factor adjustmem capability, power reversal, and good dynamic
response.

Fig. 1 shows the general schematic circuit for PWM converier. The common factor of the
PWM controlled converters is the method used in controlling the output state which is kept
close to the desired value. The error either controls the AC input current or the converter back
modulated voltage Vm. In general, the optimal PWM pattern is being adjusted to satisfy the
system requirements.
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Figure 1: PWM controlled current comverter.

Regarding the switching pattern generation and positioning, related research papers have been
continuously appearing which signifies the importance and complexity of this subject [9].
Previous recent works [7], [10]-{13] are so much focused on system linearization or solving
nonlinear dynamic equations on-line. These require multi-DSP system operating in parallel
However, up to the present, these control strategies are of the static type.

In this work, the proposed controlled current converter that draws sinusoidal active current is
analysed and implemented. The anatyses is focused on umity power factor operation for
resistive and dynamic loads. The presented method can be used to understand clearly the
system capability and the relations between the control variables. Where it can be used for
developing different control strategies. Also, the paper presents a new simple control strategy
that satisfies unity power factor, and sinusoidal current in addition to output DC-current
control. Finally, the real control method and power circuit have been implemented using Pspice
for verification.
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2. PRINCIPLE OF OPERATION

Assuming that the high-order switching harmonics do not contribute much to the fundamental
components, the equivalent power circuit for AC and DC sides is shown in Fig. 2. In this
figure, V is the fundamental rms source voltage. Vm is rms value of the fundamental wave
generated by pulse width modulation for the capacitor DC voltage. R and L arc the resistance
and inductance nserted between the converter circuit and the AC source. The inductance L is
necessary to filter the high frequency switching of the used PWM pattern. The cufrent source
io impresses current segments of the AC side current 1 to the DC circuit. Therefore, the DC
capacitor C is necessary for decoupling the instantaneous reaction between the DC load current

{L and the current source lo.
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Figure 2: Equivalent circuit and phasor diagram.

The magnitude Vm depends on the capacitor average DC voltage Ve and the modulation ratio
m. Assuming full utilization of the power circuit where over modulation range can be used,
then the value of Vm can be expressed as:

Vm =D . Vc M
The control variable 0 (modulation index) has a nonlinear relation with the modulation ratio m.

As shown in Fig, 1, and 2, the switching PWM pattern generated by the modulator controls the
voltage phasor ¥m. Where, the modulation index D, results by the used PWM switching
pattern, affects the magnitude Vm. While its position relative fo the supply voltage defines the
power angle 3. Hence the modulator with the power scheme shown in Fig. 1 conirols the
amount and direction of the power flow transferred between AC and DC sides. For negative
power angle (Vm lags V), the power flow goes from the AC to the DC side and for positive
poweér angle the power flows in the opposite direction.




Mansoura Engineering Journel, Vol 20, No. 2, June 1995 E&0

A system control method that is based on the unchangeable predetermined PWM switching
pattern is proposed in [14], where the modulation mdex D is held constant to achieve linear
relation between the average capacitor voltage Ve and Vm. However, there are stifl nonlinear
relations that should be processed. Also, the non-utilization of control variable D limits the
system control capability, where the power factor is load dependent and, hence, is not constant.

It is important to state here that the presented comtrol method in this paper utilizes
simultaneousty the control variables: modulation index D (variable PWM patiern) and power
angjed (position of the PWM pattem). The main task for the presented controller is to control
the phasor Vin referred to the source voltage through the AC current and source waveform
template 10 satisfy the requirements: controlling the DC load current with zero reactive power.
The presented analysis shows that the relations between the above mentioned control variables
and different DC load current for unity power factor are nonlincar. With these characteristics, it
i difficult to achieve the requirements using on line computations. This problem is solved here
by using an intelligent hysteresis controller for the input AC current. It can force the desired
AC current cfficient!y and instantaneously to follow the reference wave by the proposed
hysteresis controller in [15]. Then, without computations for PWM patterns and with only
building the desired AC current wave that has the source voltage teraplate, the DC load current
can be controlied with input sinusoidal active current. The amplitude of the reference sinuscidal
current is generated by the DC current controller. This control structure can drive the power
circuit for both rectifier and inverter operations. When the sign of the current error signal is
positive, the controller builds a reference AC current wave that be in phase with the source
voltage forcing the power circuit for rectifier operation. But when the error sign is negative, the
reference AC current wave will be inverted for inverter operation.

3. ANALYSIS OF THE CONVERTER

For AC side, the phasor diagram shown in Fig. 2 establishes operating conditions between the
source phasor ¥ and the converter terminal phasor V/m . Also this phasor diagram can be
expressed in d-q frame as: '

Rld -X.Iq = Vd -Vmd )
XId +R. Iq = Vq - Vimq 3
where

Vd = V.cos(3) 4)
Vq = V.sin(-8) &)
Vmd = Vm (6)
Vmq = 0 )

Clearty, the DC-side converter output current io controls the capacitor voltage level and the

load current iL. This current sabsfies the instantaneous power balance equation between the
AC side and the DC side of the converter circuit that can be written as follows:

Ve.lo = Vmd. Id + Vmq. Iq (®)

For steady state operation, the average DC capacitor voltage reaches a particular equilibrivra
value, which means that the average DC load cusrent [L becomes equal to the average value 1o,
Then, the power balance cquation (8) can be written for steady state as:

Ve. IL=Vmd.ld + Vmq . Iq )
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For simplicity, the parasitic resistance Rs and Rdc are omutted for the following analysis. By
using Eq. (1), (2)<9), it is possible to derive the relations between DC output current [2 and
the input control variables (D , 8).

I =D.Id =(D.V/X).sin(-8) (10)
3.1. Resistive load characteristics

The relation between the DC output voltage Ve and the input control variables (D , 8) for
resistive load can be obtained using Eq.(10).

Ve =(D .V. RLX).sin(-3) aan

Also, the active and reactive powers drawn from the AC source are:
P=Vd.ld+ Vq.Iqg

= (a .V2/X).sin2(8) (12)
Q=Vq.ld-Vd.]Iq

= (V2/X). [l - a.sin(3).cos(3)] (13)
where
a = (RL/X).D? (14)

Fig. 3 shows the P - 3 and Q - 8 relations for different & ’s. It can be seen that the constant
Qa should be greater than 2 for zero reactive power operation.

P (pu) = F ( power angle)

T '
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Figure 3: Active and reactive power (resistive load).

There are two possible power angles (81, 52) for unity power factor operation. These power
angles can be obtained from Eq.(13) when Q = 0.
61 =05 . arcsin(2/a) (15)
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02 = 90° - 0.5. aresin(2/a) (16)

The DC load power of (12) for unity power factor conditions of (15), and (16) becomes
Pi,a=(a.VZ/X).sin2(0,,3) (7

1t is clear that the relation between the control variables are nonlinear. For the same vatue of
the constant & , there are two possible values for output power P and two possible vatues for

the control variable 3. Equations (14)-(16) allow us to plot the relations between the control
variables 8, and D required for unity power factor condition.

Fig 4 shows D - & curves for different values of RL/X. Clearly, the control range of the
modulation index D and power anglc & depend on the ratio between the {oad resistance RL and

the AC side inductor impedance X. The possible ranges for these control variables determine
the control capability of the PWM converter for unity power factor operation.

Power angla = F (D) (for unity powar factor)
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Figure 4: Control variables relation (resistive load).

Considering V and V/X as base valucs for voltage and current, the perunit load cwrent and
capacitor voltage using Eq. (10), (11), (15), and (16) are shown in Fig. 5. It can be scen that
for given RL, the source inductance determines the DC load current range that can be provided
under unity power factor operation. Note that it is poseible to get operations outside this range
but on the expense of power factor different from unity.

3.2. Controlled current characteristics

The PWM converter can operate as ideal controlled cwrent with unity power factor
independent of the DC voltage level. The conirol variables determined by the PWM switching
function forces the system to satisfy the requirements. The system capability depends on the
circuit parameters. In case of dynamic load, the power circuit also allows negative DC current
flow (inverter operation) when the reference current is ncgative. This regeneration accurs while
the DC capacitor voltage is kept positive. Hence the transient response for the DC current is
determined mainly by the DC smoothing mductor.
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Load current (pu)= F (D) (for unity power factor)
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Figure S: Load current and voltage capability (resistive load).

If the load has a woltage level of Vo, the perunit reactive power QQ becomes

Q =1-b.cos(d (18)
where
b = (Veo/V).D (19)

Clearly, for constant power angle, the feactive power is linearly dependent with b or
equivalentty 1. To control the load current and the reactive power at the same time, both
control variables 5 and D should be used as shown in Eq. (10), (18), and (19).

Q (pu) = F { powsr angfe)

Y

3 4 . "~ M N
-200 -18D -100 -60 o 50 100 180 200
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Figure 6: Reactive power (dynamic load).
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Fig. 6 shows the perunit reactive power for different values of b. For zero reactive power
operation, b should be greater than 1. There are two possible power angles ( 31, 32 ) for unity

power factor operation. The positive power angle 3 is for regenerative operation, while the
negative value for rectifier operation.

The constraint equation for zero reactive power is obtained from eq. (18), and (19) to be
D = (Veo/V).cos(8) (20)

If the constraint equation (20) is considered during operation, the DC load current will take a
particular and well-defined value for cach load voltage Ved. By using Eq. (10), and (20), it is

possible to derive the relation between the load current and the control variables D or 3.
L = (V/X). (V/Vco).tan (3) (21)
L =D. (V/IX). sin{arccos (V/(D . Vco)) ] (22)

Fig. 7 shows the constraint relation between the control variables 3 and D for different DC
voltages. It can be seen that, for low values of DC load voltage Vco, the system can not satisfy

unity power factor operation, where the modulation index D is limited by the nature of the
power circuit.

Also, Fig. 8 shows the systern capability for controlied current operation under unity power
factor condition. To increase the absolute DC Joad current capability under unity power factor
and certain DC voltage Vo, the AC side inductance should be decreased.

This analysis is helpful for understanding easily the converter capability and its refations with
the parameters that are necessary for system design stage.

pawer angle = F (D) {or unity power factor)
go R e ¥ L]
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Figure 7: Control variabes relation (dynamic load).
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Load curent (pu) = F ([©) (for unity power factor)
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Figure 8: Load current and voltage capability of the converter (dynamic load).

4. ZERO REACTIVE POWER CONTROLLER
Using the characteristics explained before, different control method can be proposed to achieve
the desired requirements as shown in Fig. 9 and 10. The DC load current can be kept close to
the reference by using the error signal between that current and the reference. This error either
controls directly the AC input currents or the converter terminal modulated voltage ¥m. In both
cases, the controf variables [D and & are used to satisfy the operation requirements.

R L . Rae Lar

s el o

Figure 9: Indircct control scheme.
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Fig. 9 shows a controller structure that can control the output DC current indirectly. For the
indirect control method, the reference input AC current is calculated and then the required Vm.
The control vaniable D is determined according to the average DC voitage Vco. The modulator
uses these valucs 10 generate the PWM switching paftern that satisfies the requirements. This
method nceds on-line calculation that leads to time delay. Moreover it requires accurate values
of the system parameters that may changes with time.

The dircct method shown in Fig, 10 uses an AC current controller that forces the power circuit
to draw a current close to the reference one. This AC current controller generates automatically
the required PWM pettern. In this work an intelligent simple hysteresis current controller
proposed in [15] is used. This controller ig based on the a0 called freepolar modulation method.
It can control the current ripple by efficient switching frequency and has excellent dynamic
performance. The reference current is generated according to the source voltage template and
the amplitude produced by the DC current controlier. This method is very simple because there
are no complex on-line computations. Besidc that there are no need for system parameters
where the system adapts itself for any parameter changes.

AAA NVALE T _ Io W AN A i

; instantaneous A
: current
i controlier

Figure 10: Proposcd direct control scheme.

5. VERIFICATION

The system is verified in time domain by means of a widely used indusiry standard device level
Pspice program. The proposcd PWM converter scheme in Fig. 10 is implemented including
real control circuit, drivers, snubber circuit with the following main parameters.

V =65v, SCHz, R =1 ohm, L=10 mH,
Veo=220 v, Rde = 0.5 ohm, Ldc= 0.2 H, C =2000 uF

Fig. 11-a and b ahow the behavior of the system in case of rectifier and inverter operations for
the same parameters. It can be observed that the AC input current js an active sinusoidal
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current with very low amplitude of ripples in both operations. Also, the control system adapts
the power angle and the switching pattern automatically to keep the AC line current close to the

reference for both cases. Regarding the DC side, it is clear that the current source /o is a
unidirectional pulse width modulated segmenis of the AC current § .
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Figure | 1-(a): Recufier performance.
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6. CONCLUSION

A novel AC/DC PWM controlled converter, controlled instantaneowsly, is developed and
implemented. A high degree of controllability is obtained by using a simple control strategy.
The principics of operation are described, and design expressions are derived. Scveral new
facts are identificd and contributed. The DC current can be controlled in a certain range that

depends on the system design ters. The unity power factor operation can be obtained
when the constant a = (RL /X .Dimax is larger than 2 in casc of resistive loads, and when

the constant & = ( Veo/ V). Dmax is larger than 1 in casc of dynamic loads.

The presented analysis shows that the relations between the control variables D, 8 and DC load
current for unity power factor are nonlinear. Therefore it is difficult to achieve the
requirements using on line computations. This problem is solved here by using a sclf adaptive
instantaneous current controller for AC current. Then, without computations for PWM
patterns and with only building the desired AC current wave that has the source voltage
termplate, the DC load current can be controfled with input sinusoidal active current. With
simple control structure, the converter achieves high performance such as: unity power factor
operation for rectifier and inverter operation, controlled ripple for the demanded sinusoidal line
current, and output controlled DC current source as well as minimum converter loss. Other
interesting characteristics are: 1) the robustness to parametric variations and disturbances; 2)
the nput power factor can be arbitrarily controlled; 3) full urlization of the power circt
through simuitancous conirol of the modulation mdex D and the power angle .

Further research is required to handle the rematning step in perfecting the stand-alone PWM
converter. Which allows the converter to operate under maximum power factor when it is

beyond the unity power factor range.
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