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A Novel Control Method for Input Output Harmonic
Elimination of the PWM Boost Type Rectifier Under
Unbalanced Operating Conditions

Ana Vladan StankovicMember, IEEEand Thomas A. LippFellow, IEEE

Abstract—This paper presents a new control strategy to improve interaction between current regulators which can even cause
the performance of the PWM Boost Type Rectifier when operating  system instability [7]. The problem increases in severity as the
under an unbalanced supply. An analytical solution for harmonic -, her of converters connected to the link increases. While an
elimination under unbalanced input voltages is obtained resulting . .
in a smooth (constant) power flow from ac to dc side in spite of the attempt was made to reduce low order harm(_)nlcs at the input
unbalanced voltage condition. Based on the analysis of the openand the output of the PWM Boost Type Rectifier under unbal-
loop configuration, a closed loop control solution is proposed. Sim- ance [4], harmonics were only reduced but not eliminated. Enjeti
ulation results show excellent response and stable operation of the and Choudhury [5] proposed a method for the harmonic elim-
new rectifier control algorithm. A laboratory prototype has been ination of the buck ac to dc converter under unbalanced con-

designed to verify the discussions and analyses done in this paper. . . .
Theoretical and experimental results show excellent agreement. ditions. However, the approach does not lend itself well to the

Elimination of the possibility of low order ac and dc side harmonics More popular boost type rectifier so that an exact solution for

due to unbalance is expected to materially affect the cost of dc link this problem has never been addressed.

capacitor a_nd ac s_ide_filter. The proposed method will be particu- This paper proposes a completely new control strategy for

Iarly_useful in applications where the large second h_a_trmonlc at_the harmonic elimination of the PWM Boost Type rectifier oper-

DC link may have a severe impact on system stability of multiply . - o

connected converters on a common link. ating under unbalanced input voltages. Specifically, by PWM
current regulation, the magnitudes and the phase angles of

the three input currents are independently adjusted in order to

maintain a smooth output dc voltage level entirely eliminating

|. INTRODUCTION low-order harmonics. The proposed technigue maintains a high

quality sinusoidal current input and dc current output even

HE boost type PWM rectifier has been increasingly erTiﬁough the input voltages remain unbalanced. However, the

I inrecen rs since it offers th ibility of a low . L L
ployed inrecentyears since it offers the possibility of a Opowerfactor cannot be adjusted in this case. This is not seen as

distortion line current with unity power factor for any load con? . . e . . )
typ Y disadvantage particularly in situations where imbalance in the

dition [2], [6]. Another advantage over traditional phase-corﬁ”1 X . .
input supply is a temporary phenomenon. Simulation as well

trolled thyristor rectifiers is its capability for nearly instanta- . . .
neous reversal of power flow. Unfortunately, the features % experimental results is presented o cpnﬂrm the proposed
PWM boost type rectifier offers are fully realized only whe r%:ontrol strategy. The theoretical and experimental results show
. . excellent agreement.
the supply three phase input voltage source is balanced bothin
terms of its Thevenin equivalent voltage and impedance, which
is often not the case in a real power system. It has been shown
[1] that unbalanced input voltages or impedances cause an aldn Fig. 1 it is assumed that the PWM rectifier is supplied by
normal second harmonic at the dc bus, which reflects backunbalanced input voltages but balanced input impedances. The
the input causing a (nonzero sequence) third-order harmoassumptions used in the derivation are as follows.

current to flow. Next, the third-order harmonic current causes 1) The system is lossless.

a fourth-order harmonic Voltage on the dc bUS, and so on. Th|52) The Switching functions used to represent Switching ac-

results in the appearance of even harmonics at the dc outputand  tion of the converter are unbalanced but contain no zero
odd harmonics in the input currents. These additional compo-  sequence.

nents cause added losses in the dc link filter capacitor. They3) Only fundamental components of switching func-
must also be considered in the filter design of these converters  tions and input currents are taken into account (PWM
since they clearly add to the cost because they are of low fre-  switching harmonics are not considered).

quency. In addition, ripple on the dc link is a known cause ‘ﬁy using symmetrical component theory, line to neutral
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Fig. 1. PWM boost type rectifier.

Since the zero sequence current is never present in this circwitereS*, S—, 6+ andé, are magnitudes and phase shifts of

currentsiy, I, andi; are given by positive and negative switching functionst, I—, 6} and6;
I 1 1 1 0 are magnitudes and phase shifts of input currents.
L =11 a al. |It @) The per-phase equivalent circuits under unbalanced input
I 1 a a2 I- voltages and unbalanced synthesized voltages at the input of
the rectifier are shown in Fig. 2. From Fig. 2, two additional
where - _ o equations can be obtained and given by,
STandS— positive and negative sequence switching
functions; ZIt=Ut-Vv7F (7
ITandi— ositive and negative sequence currents; _ _ _
a Fi)\1200. ° ! 2 =v -V, (8)
Output currently is given by whereV;+ andV,~ are the positive and negative sequence volt-
Iy = SWiI, + SWoly + SWals ages at the rectifier input arid™ andU~ are the positive and
Z (S 4 STV 4 I7) + (25F + aS™) (a2 + al-) negative sequence input voltages.
+(aST +a?S ) (alt + a?I) Vi =VaeSt/2v2, V7 =VaS™/2V2
=35TI~ +3571T. (3)  whereV,. is the output dc voltage.
In the time domain, the pulsating component of the output cur-From the power equation, the following relationship can be
rent is expressed as obtained:
Io(t) =3 Rea|(|s+|efmei93) Rea|(|1—|efmeﬂ'97 ) Py = Real3U*I* +3U~17) 9)

+3 Rea'(|5_|6’m6’05 ) Real(|]+|eﬂ’“%19f+) - (4)  whereP,. is the average output power.

The solution for harmonic elimination is obtained by com-
bining (6)—(9). The solution is given by the following set of
cos(ar) cos(fB) = 1/2[cos(ar + ) + cos(a — B)] equations:

1) 15T _ v (10)

By using trigonometric identity

one arrives at the result
L,(2wt) =3/2|ST| |I 7| cos(2wt + 6% + 6;7)
+3/2|S7||IF| cos(2wt + 67 +6F).  (5) 2 0, — 67 =67 —6F (11)

The previous equation shows the presence of the second—ordeg) n 202U | v ot

harmonic at the output of the rectifier. It also indicates that the |57 = T Ve cos(fy — 6) (12)
second-order harmonic could be eliminated under the following 9P, 7

conditions. 4) sin 2(6F — 67F de (13)

7)) = 2 2"
1 3(UR[=[0=2))
The set of four equations shown above represents the
steady-state solution for input—output harmonic elimination of
2) the PWM boost type rectifier under unbalanced input voltages.
The steady-state solution is also presented in graph form on
0 +0F =n+6F7 +6; (6) Fig. 2.

[STIL =[S [11T]
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A. The Physical Meaning of the Proposed Solutiod-ip ‘(
Stationary Frame — >
The proposed solution for harmonic elimination can be e
plained in thel—q stationary frame, where cancellation of input
pulsating power becomes more obvious. The positive and neg
tive sequence components of the input voltages and currents pe(t) = po (¢) = constant
instantaneous quantities and are shown on Fig. 3.
The instantaneous power inputz) is given by Fig. 4. Cancellation of the instantaneous pulsating power.
p(t) = po(t) + p1(t) + p2(t) + ps(t) (14)  Similarly, instantaneous power on the inducggtt), consists
of three parts and can be expressed as
where
( ) / ( ) (15) pll(t) 23/2 wL(2ipdin,1 — 2ip,1ind) (29)
polt) =3/2(Upgipng + Updipd + Ungling + Undind
) /2 e e o ) (16) p2i(t) =3/2wL{ipgipg + ipaipa) (20)
p1(t) =3/2(upgtng + Unglpg + Updtnd + Undlpd 1
paT r pa1(t) =3/2WL{inging + inding)- (21)
=3/2(tpgipg — Upqi 17 : o
P2(t) =3/2ttpdipg = Upqipa) (17) The solution for second harmonic elimination assumes the fol-
P3(t) =3/2(Undlng — Ungind)- (18) lowing form:
_ _ p1(t) = pu(?) (22)
The first term, po(t), represents the constant portion of () = pu(t) (23)
input pulsating power, since all its components are products?2) P2\t) =P
of in-phaseq and d quantities of the positive and negative 3) p3(t) = pa(t) (24)
sequence input voltages and currents. This term also exists in o o
a balanced three-phase system. The power going into the converter is given by
The second termp,(¢), represents the pulsating portion, pe(t) = p(t) — pi(t). (25)

since all its components are products of the positive a L - .
negative in-phase components of input currents and voltages. | power going into the converter, as shown in Fig. 4, is con-
basically represents a mutual interaction between positive a%é”‘ since all the other components are shown to cancel out.
negative sequence quantities, which normally does not exist in
a balanced three-phase system.

The third term,p>(¢), represents the interaction betweén Based on the analysis of the open loop configuration pre-
andgq positive sequence quantities. This term exists in a balanceehted above, a feed-forward control method is proposed. In
three-phase system. order to control the output dc voltage and eliminate harmonics at

The fourth termps(¢), represents the interaction betweén the input and output of the PWM Boost Type Rectifier under un-
andg negative sequence quantities. This term does not normddlglance, not only current magnitudes but also their phase angles
exist in a balanced three-phase system. have to be controlled. The DC bus error is used to synthesize the

I1l. CONTROL METHOD
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Fig. 5. Proposed control loop solution under unbalanced input voltages.

magnitudes and the phase angles of the positive and negativel$e output dc voltage is proportional to the positive and negative

quence reference currents. The sequence components are seguence currents (magnitudes) so is the error sigha} —

transformed into three pha&ehc) quantities which become ref- V4..). In order to satisfy (26), the condition for second harmonic

erence signals for the hysteresis controller [3]. elimination, the positive and negative sequence commands for
The relationship between input currents and input voltagearrent magnitudes should satisfy (29) and (30):

in the open loop configuration for harmonic elimination is ob-

tained by combining (7), (8), (10) and (11) and given by | = KUY (Ve s — Vi) (29)
Ut |t (26)

=1 | [I7| = Kp|U™|(Viey — Vae). (30)
oF — 6 =67 — 6, — . (27)

Equations (29) and (30) represent positive and negative
However, it is always true that average power input is equal $equence magnitude commands. The positive and negative
average power output and given by sequence commands for phase angles are derived from Fig. 2

Pac =Vaclae = 3|UT| |IT| cos(6) — 67) gt g — Z|It|
+3|U_| |I_|COS(9; B 97) (28) Sln( w Y4 ) - |U+| .

(1)

T
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Fig. 6. Controlled output voltage, input currents, and commands for the hysteresis controllers (simulation results).

TABLE |
PARAMETERS USED IN SIMULATION

Parameter Value Parameter Value
Input Uy =100V DC-link 100pF
supply Up = 1057 capacitor, C

peak

voltages U3 =104V

DC - link

Reference

voltage, 280V

Vref

DC-link 270V Output 100Q
voltage, resistive load,

Ve R

Input, L ImH Fundamental | 50Hz
inductances frequency, f
K, 0.0096 Kp 0.003

By combining equations (29) and (31) the following equatio

is obtained and given by

sin(6} — o)

— ZKp||U+||(V7‘ef - VdC)

U]

= ZKp(V;‘ef - Vdc) =

Kpl(‘/ref -

Vac)-

(32)

Since high power factor is a desirable for the operation of the
rectifier, the size of input inductor is small and equation (32)
can be approximated by using Taylor series

. + +\ _ 7o+ + (91— — 9;1—)3
sin(0F - 6) = (0F - o) -
o — gy
% — ... (33)
sin(0F — 6F) ~ (67 — 67). (34)

By combining equations (32) and (34) the positive phase angle
commands are obtained and given by
0 =07 — Kpi(Veey — Vao)- (35)

The negative sequence commands are derived in a similar way
from Fig. 2

Z|"|

sin(6; —w—0,) = ek

(36)

By combining equations (30) and (36) the following equation
ir']s obtained and given by:

2K U |(Veey — Vo)
U]
= pl(V;’ef - Vdc)~

sin(0; —m—6,)
(37)

By using the approximation shown above, equation (37) can be
expressed as,

0, =0, + 7+ Kp1(Vier — Vac)- (38)
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Fig. 7. Hardware configuration.
Equations (38) and (35) represent the phase angle commands. RO?
Positive and negative sequence current commands are trans-
formed toabc quantities and used as references for hysteresis
controller. The transformation is given by
itrep(t) = [IF|sin(wt + 6F) + |~ |sin(wt +6;)  (39) RTI
27w
; T e +
igrep(t) = [ [ sin <Wt + 0 — ?) Fig. 8. Main structure of the program.
. _ 27
+ |17 |sin | wt + 6; + (40)

2T
3

IRQ1

CLEAR n

igrep(t) = |1t sin <wt + 9;" + —>

+ |7 |sin <wt+9i_ -

2

3

).

(41)

‘READ COUNTER(M

Only two proportional controllers are utilized (one for the mag-
nitude, the other for phase angle control) which has been deter-
mined to be sufficient for good regulation. Anintegral controller
can be added to further reduce the steady state error. The pro-
posed control method is shown in more detail in Fig. 5.

The unbalanced detector and symmetrical component calcu-
lator (block shown on Fig. 5) calculates the positive and neg-
ative sequence magnitudes as well as the phase shifts of input
voltages. Based on the dc bus error and the positive and nega-
tive sequence components of three input voltages, magnitudes
and phase angles of the positive and negative sequence referenc
currents are obtained. It is shown on Fig. 5 that the positive and
negative sequence reference current magnitudes are calculatec
by using equations (29) and (30) whereas the positive and neg-
ative sequence reference current phase angles are calculated b
using equations (35) and (38). Once the positive and negative se-
guence current commands are calculated, the block-Transform

@UNTER(U - CYCLEJ
I

CYCLE/255~~ CYCLE1
| |

|
CYCLEI ™ COUNTER(2)

|
v

READ U, (0),U,(0),U,(0)
|

CALCULATE

1 1 1 1
0= (0 —— g, (0),——b, (0
255705500550 (055560

7

b (00,1, (0),3,,, (0) > D/ 4,D/ 4,,D ] 4,

RTI

to abc is used to calculate the three phéskr) quantities which Fig. 9. Flowchart of interruption loop (IRQ1).
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RQ2 INCREMENT n
MAIN GO TO WAIT
n=0
\t/ s
MEASURE YES
U,(n),U,(n),Us(n)
v £+ Slur
1 255 0 A 3
— +
255[ éa(n) a© ] READ THE TABLE
! -a tan(é) -0/
! fb( Y+50) |- B 4
-— n -
255[ pci i
l VAT + B = U]
1 255
—[ D am+a(0) |- 4 }
255" 54 READ THE TABLE
1 25:31/ atan(ﬂ) -0,
B
2—55[ ;bl(n)+bl(0) ]- B 1
; \L : V,—=V,—>¢
by (Wssyr (), (7)) = D/ 4,D/ 4,,D [ 4, e
RTI
Fig. 10. Flowchart of interruption loop (IRQ2).
become reference signals for a hysteresis controller. The refer-
ence signals are compared with actual currents (block-hysteresis E +a+K,E— 9,-_‘
controller). The output of the hysteresis controller determines :
the control logic for the rectifier switches. Since the positive and ‘ GO TO WAIT J

negative sequence current commands are proportional to the dc
bus error, the limiter has to be used to limit the currentcommagg, 11.  Flowchart of the main loop (MAIN).
value during transients when the error signal is large.

CURRENTS IN PHASE 1 AND PHASE 2 UNDER UNBALANCED INPUT

VOLTAGES

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to demonstrate feasibility, the system shown in Fig. ;..
has been simulated in SABER. The parameters used for the s Menv
ulation are shown in Table I. It is worth mentioning how the
values of the parameter&,, and K, are designed. o

Parametetk,,, is obtained from equation (29). The dc voltage
steady state error is set to a maximum desirable value. The va
for the input current is obtained from the power equation und
the assumption that the input voltages are balanced. The m
imum value of the input rms current that corresponds to the me
imum power flow in the circuit is used in equation (29). For al -
other power levels, the steady state error is going to be small
The unbalance in input voltages will slightly affect a desirabl

{Channel. 1
10ms 10my

M Channel 2
110ms 10mV

P i

dc voltage steady state error but thisis not seen as adisadvan =~ = '~ Ch1 10mY %
M T : - i T/divi0ms Ch2 10mV %
especially in the situations when input unbalance is a temporz Trig 4.44div - CHAN
phenomenon.
Parameterk,; = ZK, [see equation (39)]. The values offig. 12. Currents in phase 1 and 2 under unbalanced input voltages
K, andK,, are given in Table I. (experimental results).

The plot in Fig. 6 shows the controlled output dc voltage
under unbalanced input voltages. It also gives the current cosix diodes connected in parallel. The control circuit consists
mands for the hysteresis controller. of: voltage sensor board, current sensor board, hysteresis board,
Good control of the dc voltage is evident in spite of the phagmte driver board and DSP56000 development system, as shown
unbalance. A laboratory prototype was built to confirm the thé Fig. 7. CPU runs at 27 MHz and is connected to an IBM
oretical results. The bridge consists of six IGBT switches ammtrsonal computer. The zero voltage detector along with one
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Fig. 13. Controlled output dc voltage and three input voltages (experimental results).
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Fig. 14. Frequency spectrum of the output dc voltage (experimental results).

counter [counter (1)] which runs at 2 MHz, measures the fraccordingly. The hysteresis board consists of three compara-
guency of the system and synchronizes the control functiottss and three inverters. The inputs to the three comparators,
(current commands) for D/A converters. as shown in Fig. 7, come from the current sensor board and the
The output of the zero voltage detector, as shown in Fig. 7,astputs of the D/A board. The software has been written in as-
connected to the interrupt line (priority level 1) and to the gate sEmbly language and consists of a main loop and two levels of
the counter. On the falling edge of the input signal, the output witerruption loops.
the zero crossing detector, counter (1) stops counting. Since th@he main structure of the program is shown in Fig. 8. The
program jumps into interrupt subroutine at that point (IRQ1), tHe'st level of interruption loop (IRQ1) occurs once in a cycle. It
second counter [counter (2)], which runs at 8 Mhz, gets loadddtects the zero points of the input voltage. This subroutine sets
with the value measured by counter (1) divided by 255. In oth#te value in counter (2) to be T/255. It also reads the instanta-
words, the second counter is loaded by T/255 which represeneous values of the three input voltages and calculates variables
the sampling time of the system. Since the frequency of the naecessary for calculating the sequence components of the three
work may vary, the appearance of the second interrupt may vamput voltages. At the end of this subroutine current commands
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are sent to the D/A converter. Fig. 9 shows the simplified flow- [2] J. W. Wilson, “The forced-commutated inverter as a regenerative rec-
chart of the loop IRQ1. The second level of the interruption loop tl'g%" IEEE Trans. Ind. Applicat.vol. A-14, pp. 335-340, July/Aug.
(IRQ2) occurs 255.t|mesacycle. It measures the input voltagess; b, M. Brod and D. W. Novotny, “Current control of VSI-PWM
and calculates variables necessary for calculating the sequence inverters,” IEEE Trans. Ind. Applicat. vol. 1A-21, pp. 769-775,
components. At the end of this subroutine, the commands for _ Nov./Dec. 1984. L _ .
h . ¢ ts are sent to D/A converters. Fig. 10 ShOW44] P Rioual, H. Pouliquen, and J. P. Louis, “Regulation of a PWM rectifier
t ree_ '”PH curren - 1. in the unbalanced network state,”Rmoc. IEEE-PESC Conf1993, pp.
the simplified flowchart of the loop IRQ2. 641-647.

The maln Ioop (MAIN) OCCUurs once a Cycle and Calculates [5] P. En]etl and S. A. Choudhury, “A new control Strategy to improve the
h f the th . | b d performance of a PWM AC to DC converter under unbalanced operating
the sequence components of the three input voltages based on  ¢qngitions,” inProc. IEEE-PESC Conf1991, pp. 382-389.
measurements and calculations performed in two interruptions] T. A. Lipo, “Recent progress and development of solid state AC motor
loops. It also measures the output dc voltage and calculates the ~ drives,”IEEE Trans. Power Electronvol. 3, pp. 105-117, Apr. 1988.

bet it t and d val Finallv. it calculat é?] R. P. Stratford and D. E. Steeper, “Reactive compensation and harmonic

error between Its set and measured value. Finally, 1t calculales = g ppression for industrial power systems using thyristor converters,” in
the sequence commands for the three input currents. Fig. 11 Proc. 1974 IAS Annu. Meeting. 21.
shows the simplified flowchart of the loop MAIN.

Experimental results are shown on Figs. 12-14. Fig. 12 shows
input currents in phase 1 and phase 2 under unbalanced input
voltages. The currents are unbalanced, as expected, to ca
the pulsating power coming from the input. The currents are !
nusoidal and do not contain low-order harmonics. Fig. 13 sho
the output dc voltage of the PWM Boost Type Rectifier unde
unbalanced supply voltages. Fig. 14 shows the frequency sp
trum of the output dc voltage. Phase 2 is significantly unbzj
anced (by 50%) with respect to other two phases. In spite of
level of unbalance, the output voltage is smooth and contains

low order harmonics.
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