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An Investigation on Optimal Current Mode
Control for Boost-Type PWM Rectifiers

C. G. Richards, P. J. Ehlers and D. V. Nicolae

Abstract-- Static power converters produce harmonics due to
the nature of the conversion process. This paper Wiinvestigate
the effect on the power factor of a sinusoidal anéryze current
reference on a PWM boost type rectifier. It has bae shown in
previous papers that a Fryze current ref is best. fiis paper will
develop a mathematical model, based on the singleled Fourier
expansion. Using this mathematical model it will beshown that
even though a high harmonic content could be preseim a Fryze
controlled PWM boost type rectifier, the power facor has been

optimally improved.

Index Terms-- Control Systems, harmonics, power electronics,
reactive power, power factor.

|. INTRODUCTION
Control of harmonic pollution in electrical systenby

. . . n
power converters may be as simple as adding a eimp

filter [1] or dynamically controlling the currentalvn [2]. The
control strategy of the power converter is usudiyeloped
for ideal balanced supply conditions. As a resuliaganced
sinusoidal reference may be used. The effectivenédhe
method and others will be discussed and simulafég.1
shows a three-phase PWM boost type rectifier.
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Fig. 1 PWM Boost rectifier
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Il. BACKGROUND

Each combination of IGBT and anti-parallel diodd! e
considered as a single switch (see Fig.1). If natckimg
occurs, the configuration of the anti-parallel diedwill
function as an uncontrolled rectifier. The convedensists of
three phase arms. The switch modules, S1 and 4, ar
connected to Phase A, switch modules S3 and S6, are
connected to Phase B, and the switch modules S&andre
connected to Phase C. It can be said that the denw®nsists
of two halves. The upper half (S1, S3 and S5), wh&
connected to the positive rail and the lower h8R,(S4 and
S6) is connected to the negative rail. The positaikis more
positive, with reference to ground and the negataiehas a
?gative potential with reference to the grounchelaEach
switch module can conduct current in either digctbut
block voltage in one direction only. This converigra two-
quadrant converter.

Following the methods of [3] and [4]; to simpliffhe
notation let the switches connected to phase Adsigdated
S,, the switches connected to phase B be designgt@add3he
switches connected to phase C be designatedBe state of
each switch may be further expressed in terms bfnary
value, either a ‘1’ or a ‘0. Then if ;81 the upper switch (i.e.
S1) is conducting and if;80 (i.e. S4) then the lower switch is
conducting. $and S keep to the same condition.

From three phase circuit theory the following mag b
written for a balanced system:

Vo (£) + Vo (1) + (8) = 0 (1)
and

io(0) +i, () +i. () =0 2)
The following equations may be written for the thnghase
circuit in Fig. 1:

Phase A:

L8O Ry 0 = v 0+ (5, - 25, + ) 3)
Phase B:

L0 4 i ) =)+ (5, - 25, +5,) @



2

Phase C: This method allows the amplitude and phase of tiiti

g v () . current to be accurately controlled. This is dogerteasuring
L=g TR =vn®+"57(S-25+S) ) the instantaneous phase currents and forcing thefollow a
predetermined template. This template may be reithe
Fryze current reference or a sinusoidal referer@earrent
mode control can be implemented using either hgsiteror
PWM.

From the equations (3), (4) and (5), each phasphsuyll
Qee an effective DC voltage of +(/g)t), £(1/3Ng(t), or O
depending on the switching pattern.

According to [3] if a hysteresis tolerance bandtoater is
used the zero state gives no control of the lingectss and
periodically causes the line currents to exceedhysteresis

The inference of the binary definition of each bedtional
switch is that only one switch in each phase arlhocenduct.

[ll. CONTROLSYSTEM

The control system must furnish a control signal
facilitate the switching of the converter to draw near
sinusoidal current at unity power factor as welh@sntaining
a constant DC supply. A potential control methoddiect
current control [2].

A oo 73 limit by a factor of 2. This zero state can causeacessary
I i) ol stress on the switching devices.
gg g g S S The switching frequency, which varies continuoushay
X 44 X be determined by considering (3). For simplicitg thource
e g 8 and line resistance will be ignored. Eq. (3) camrdsarranged
g3 2 3 §3 _ LAL® (6)

* f f Van ®) Ve (t)

% < g < g . The switching frequency is depender_n c_m the line

s =3 =3 inductance and the DC load voltage. The switchiegdency

§ . § . § is not constant and varies over a wide range duramh half

cycle of ac-input voltage. This varying switchingduency
results in varying high-order current harmonics ahcan be
difficult to filter from the line current. A PWM cudrol method
is thus more desirable. By operating the conveatea fixed
switching frequency, the high order harmonics casilg be
filtered out. The proposed control method will eayph PWM
method, having a fast response time and eliminatimg
problem of a variable switching frequency. A PWMitshing

scheme does generate fixed high order harmonidshwhay
be filtered from the line, if required.

The object is to provide a constant DC voltagea blosed
loop control system, feedback is required to adjustsystem
parameters to bring the output in line with theirdek set
point. The difference between the set point and abwial
value is termed the error. The difference betw&gagea and
‘Vyeset provides the difference signal. This difference
passed through a Pl controller to minimize the reaorapidly

Vdcrea - as possible with little or no overshoot. This sigisatermed
the Vgemor'- The signal conditioned by the PI controller may
be expressed in the complex s plane as:

i a (t) contr.

i (1) - > ia (t) -

iar () + J‘\ ia (t)contr. PWM
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Fig. 2 P d Control L . - .
19 £ Froposed Lontro This signal (7) is multiplied against a currenterehce
template, to yield the current erroi,(t). This value is
subtracted from the actual current value to yiéd,o Which



is compared against a triangular signal at a fixequency to
produce a PWM signal.
Briefly, when the DC load increases, the capacititage
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A distorted voltage can be analyzed with Fourieolbain
the discrete sinusoidal components. The compositage or
current profile may be obtained by summing the vittlial

decreases, increasing théq.enor’ Signal. This increases theharmonic time dependent components.
current error signalt)eonro increasing the input current drawn

by the converter. A larger current injects more poto the
DC capacitor, increasing the DC voltage. If the {ltage is
too large the procedure will be reversed.

IV. HARMONIC DEFINITION USING A SINGLE SIDEDFOURIER
EXPANSION

When a linear circuit is subjected to a forcingdtion, the
complete circuit response will consist of a transiesponse
and a forced response. Steady state linear ACitctteory is
derived from the forced response of circuits whalnjexcted to
a sinusoidal forcing function. This concept maydxpanded
to accommodate definitions for circuits subjected ntulti-
frequency forcing functions i.e. distortion.
For a sinusoidal single-frequency systemandi are both time
dependant functions and may be written as:

v(t) =+/2V cos@t +a ) (8)

it) = V2l cos@t +B) 9)
Equations (6) and (7) may be written in a geneedlizomplex
function:

v(t) = V2vel 9 d (10)

it)=v21e/f 4

The complex function is now expressed in two setpaparts.
The first is a complex constant and the secondfimetion of
time that implies rotation in the complex plane.eTdomplex

phasorV =J2Vel? is termed the transform oft). The same
is valid for (11). Multi-frequency systems imply mdéinearity
and do not lend themselves to the definition ohagor. If the
multi-frequency forcing function is periodic thehet Fourier
analysis produces discrete responses in the fregudomain.
Each of these responses is sinusoidal with unidwese and
magnitude. Each of these discrete responses malefieed
with a phasor. The single sided complex Fouriefeseof a
distorted periodic voltage or current waveform mhbg
expressed as:

(11)

v(t)=if2vnei”‘“t (12)
n=0

i(t)=i«/§l nat (13)
n=0

v(t) =V, sinat + i V, sin(nat +a) (14)
n=35,...
i(t)= i In[sin(nax+,8n)+cos(na1+,8n)] (15)

n=1,3,5

The |IEEE STD defines distortion factor (sometimes
referred to as harmonic factor) as: The ratio ef tbot mean
square of the harmonic content to the root meaarequalue
of the fundamental quantity, expressed as a percerhe
fundamental. Total Harmonic Distortion (THD) is a term
which has come in to common usage to define eitbkage or
current ‘distortion factor’ [5]. The IEEE STD deéis
distortion factor DF) and total harmonic distortion as one and
the same. In other words it is a measure of theeciess in
shape between a waveform and its fundamental coempon

(16)

Individual harmonic distortion is a measure of the contribution
of an individual harmonic frequency contribution tbe
distortion and may be defined as

v
IHF, =Vl
Vi |
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Power factor is the measure of how effectively adldraws
real power. Power factor is a dimensionless quantitpower
factor of 1.0 is ideal as the imaginary power comgrd is
zero. As defined by the IEEE STD, power factomhis tatio of
the total power input, in watt, to the total Voltvvere input.
Displacement power factor is the ratio of the actpower
of the fundamental, in watt, to the apparent powérthe
fundamental.

V. REFERENCECURRENT

The PWM boost rectifier is design to generally draw
sinusoidal current and in phase with the inputagdt When
selecting a current reference for current mode robmif the
boost-type PWM rectifiers, it could be either ausioidal (18)
or Fryze type (19):

ire —s(t) = Ki\V sin(at) (18)



irer - (1) = K Z V, sin(nt +4,) (19)

n=13,5,...

wherekK; is a conversion constant.

The choice for the reference current between sidasor
Fryze is further analyzed using the power facR¥g defined
as the ratio of active powelP) over apparent powes),

The active power in case of distorted input voltdé)
with sinusoidal reference (18) can be written as:

P, Z%TTL;WV” sin(nat + ¢n)] MKVsin(at) d(at) (20)

After proper mathematical manipulation, the actpmver

is:
Pk 3 (21)
n=13,. 1
and the power factor becomes:
PR, = — :\ilfzfms > " (22)
rms’rms rms n=1,3,.. ‘1

Further, the active power in case of distorted inmitage
(14) with Fryze reference (19) can be written as:

Lo [ _i Vnsin(na,t+¢n)}
J‘ n=1,3,5,...

P=o- d(at) (23)
0 [Ki Z Vnsin(nax+¢n)}
n=1,3,5,...
P. =K, i (vn2/2) =KV 2 (24)

n=13,...

The current drawn using Fryze reference has thevahs
different from the supply voltage by the same canid; and:

P
Vol

rms’ rms

— Kin?ns

= =1
2
Kinms

PF; = (25)

It can be noticed that the power factor when usingre

reference is unity, while for a sinusoidal refereraurrent it

depends on the distortion of the supply voltage.

VI. SIMULATION RESULTS

A boost-type PWM rectifier and the proposed control
method were simulated in PSIM ver. 7.1. The suppbs

unbalanced and distorted. In the simulation, thepldunde
unbalance and phase displacement values of thdysupre:

<

. 310costt + 0)
v, |=|310cosft + 115
v, 300cosét — 135

(26)

In the first instance a Fryze current reference wsed.
This is where the real, instantaneous magnitude [@rake
displacement of the phase voltage is used as da@nipr the
current as mentioned before.

Figure 3 shows the simulated distorted phase wltddhe
blue phase. The voltage notching is clearly visibléis
voltage profile will form the template for the pleasurrent in
the blue phase i.e. Fryze Current reference. imias fashion
the red phase voltage profile and the white phastage
profile will be the red and white phase currentmphates
respectively.

000

2000 4
/

nnnnn

Fig. 3 Distorted Phase Voltage

Figure 4 shows the phase currents as a resulteofplfase
voltage templates. As a result, each phase cuwihbe in
phase with the respective phase voltage, improthegoower
factor. Figure 5 shows the magnified profile of therent and
voltage profile; the power factor is improved t@%8, despite
the voltage distortion. However the trade-off iattthe phase
current will have a relative high content of harriesn The
FFT of the simulated phase current is shown inréigh

/

H “ﬂ \z"" \
WL
WMW Wﬁ y W

Fig. 4 Phase Currents




Fig. 5 Magnified current with Voltage profile

Fig. 6 FFT analysis of the Fryze Current

If the current reference in the control loop islagpd with
a balanced three phase sinusoidal supply, the afioalresults
are as follows:

The phase current, as expected, will be sinusaidiahture
with limited harmonic content (figure 7); howevéretpower
factor of 0.98 is a little bit lower than for thénssoidal
reference. Figure 8 shows the current FFT of theselturrent.

Fig. 7 Phase current using a sinusoidal curresteate

Figure 8 FFT of the Phase Current

VIl. CONCLUSIONS

When selecting a current reference for current mode

control for boost-type PWM rectifiers, the ideal rrant
reference should be the Fryze current referencéh Wiryze
current reference the power factor will have a bighkalue
than any other method as per IEEE definition of @ofactor.
It is still not perfect unity because of the effeftswitching
frequency which can be seen as noise. A currenthwig
proportional to the input voltage (Fryze referensd)etter for
the individual load and the power supply; it prealiy creates
a “linear/resistive load”. However, the harmonicntmt is
higher than when using a sinusoidal reference.

Using the balanced sinusoidal reference, the cumeriile
will be sinusoidal in nature, but the power facisr not
optimally improved. A poor factor will result in -efficient
use of the electrical capacity of the electricalide.
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