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Control of a Three-Phase PWM Rectifier Using
Estimated AC-Side and DC-Side \oltages

Toshiya OhnukiMember, IEEE,Osamu MiyashitaMember, IEEE Philippe Lataire, and Gaston Maggetto

Abstract—A new control method of a pulsewidth modulation Three-phase bridge  Capacitor ¢
(PWM) rectifier without measuring ac- and dc-side voltages is I i i
proposed. As information about these voltages is necessary for Reactor £, \ \q \
the controller, all required voltage values are estimated from the 3¢ Mains "y
measured line currents and the calculated values of the input
reactor voltage during switching of the rectifier circuit. The input
reactor voltage can be obtained by using a differentiator that
produces the derivative of the line current or by detecting the
voltage induced in a secondary winding wound on the input
reactor. The secondary winding creates the electric isolation
between the main circuit and the controller. The proposed method Y O & o f
is verified by experiment. This paper describes the estimation WY, \S2 \54 \Sﬁ
method, gives the configuration of the controller, and discusses To controller
steady-state and transient performances of the rectifier.
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Fig. 1. Three-phase PWM rectifier.
Index Terms—AC-voltage sensorless control, dc-voltage sensor-

less control, high power factor, PWM rectifier.
sensorless technique for the single-phase PWM rectifiers [3]
and the proposed technique for inherent problems of three-
phase systems. The mains voltage and dc-voltage values, both
ULSEWIDTH modulation (PWM) control techniques forbeing necessary for instantaneous current control [4], [5], are
rectifiers have widely been used to improve the mairsstimated from the measured currents and their derivatives
current waveform and the input power factor. The sinusoidakith respect to time.
waveform control of the input ac current of the rectifiers is The mains voltage can be estimated from the input-reactor
of importance and increasingly focused on the prevention wfltage when the mains side of the bridge is short circuited;
accidents and failure in the power system apparatuses. the reactor voltage is easily obtained by multiplication of the
Recently, methods for reducing the number of sensafsactor inductance and the derivative of the measured line
have been discussed to simplify the system configuratiearrent or by using a secondary winding wound on the input
of such rectifiers and their control circuits. For example, feactor. The dc-side voltage can be estimated by calculating
was reported that a voltage sensor on the mains side cotid difference between the estimated mains voltage and the
be omitted by using the information of the other senseeactor voltage when the mains side and dc side of the bridge
outputs and calculation [1]. A method using only voltagare electrically connected. Consequently, if a differentiator is
measurement for control was presented [2]. For single-phas@ployed in the controller to calculate the derivative of the line
rectifiers, a high-power-factor controller with only a currenturrent, the rectifier works without any voltage sensors. Using
sensor can be implemented; the mains voltage and thetbe secondary winding instead of the differentiator delivers
voltage are estimated from the measured mains current [Bdltage information that is required for control with an isolated
These sensorless methods can make technical and econongieatiition between the main circuit and the controller.
contributions to system simplification, isolation between the This paper describes the voltage estimation method and its
power circuit and controller, and cost effectiveness. implementation and performance characteristics of the three-
In this paper, a new PWM rectifier controller that excludeshase rectifier. The effectiveness of the rectifier is confirmed
measurement of the mains voltage and dc-side voltagebig experiment.
proposed. This controller, which also has the advantages
mentioned above, is based on the modification of the voltage ||. EsTIMATION OF THE MAINS AND DC VOLTAGES

I. INTRODUCTION

Manuscript received November 17, 1997; revised June 24, 1998. This paper . . . .
is a revision of the paper [6] presented at the 7th European Conferencefsn Mains-Side Phase-Voltage Estimation
Power Electronics and Applications (EPE’'97), Trondheim, Norway. Recom-

mended by Associate Editor, F. Peng. Fig. 1 shows a configuration of a three-phase PWM rectifier.
T. Ohnuki and O. Miyashita are with the Department of Applied Electronid he bridge consists of three legs, and its ac side is connected

Engineering, Tokyo Denki University, Saitama 350-03, Japan. _to the three-phase mains through the input reactors denoted by
P. Lataire and G. Maggetto are with Dienst Elektrotechniek en Industrlef he load i d h . . llel

Elektronika, Vrije Universiteit Brussel, Brussels, Belgium. - The load is connected to the output capacitor in parallel. In
Publisher Item Identifier S 0885-8993(99)01822-0. this rectifier circuit, the gate signals of the switching devices

0885-8993/99$10.0Q1 1999 IEEE



OHNUKI et al: CONTROL OF A THREE-PHASE PWM RECTIFIER USING ESTIMATED VOLTAGES

223

Vo v - V. V
i /\ ul AN L Lu
\\ u oo A
—= ‘\ - T T TZ v
v Visn TV
,E b N o O Vepase Yon
: : N N* N N’
il
. 1
'f"a- 1l 1 - () (b)
Van Viy LW
n v B w c
VeN d . Bk -
10 O ® Ok
o = ; VN Wi
b bt ler b Lur b N N’ N N

e Swilching period: }\——-a

(d)

Fig. 3. Equivalent circuits for ac side.

Fig. 2. Relationship between phase-voltage reference and triangular carrier.

TABLE |
S1—Sg are generated by a PWM process, or Comparison B?LTAGE EQuATIONS oF THEAC SIDE AT ZERO-CROSSPOINTS OF THE CARRIER
the phase-voltage references (with respect to a virtual neutral)
Vetl-AN', Vetl-BN’, andveg-ons and a triangle carrier,; as Von M YN T My Y T Viw
shown in Fig. 2. "
. . . Yan
If two of the three line currents4r and 7y, for exam- . "”(0 2, Y 1
i -EBN" d — 'd ——— d
ple—gre dgtected, the reactor voltages,, vy, and vpw v < 0 3 3
are given by
Vor-aqe <0
diys ) 1 1
VLU = L =L {154 1 Vo o > 0 LY VvV “TV
dt P E ; Voo e S 3 3
vy = Lpiyf 2
Vo-an: <0
VLW = —VLU — VLV 3 T 2 _1 2
b BN _3' Ya ] ; Ya
where d/dt is denoted byp and resistances of the reactor Var-aw > 0
windings are neglected. Consider an instant of time when ,, _ <o
the triangular carrier reaches its minimum or maximum, i.e., Vo e P 0 _.3_% l,,d 1v,
t = tg_1s2 Or t = t;. Since all the bridge-input voltages Vom0 3
vAN’, UBN/, andvon take a zero value, in other words, the o
. . . . . . Yol -ane
voltage vector is zero at this instant, an equivalent circuit v'”‘ <o 1 2 1
. . . e ' —W, = v
of one phase can be illustrated as in Fig. 3(a). Therefore, ™ o 3 3" ‘
. H [E-Rl="1
the estimated mains phase voltag§s,, v{y, andviyy at
t = tp_1/2 OF t = #; are given Ve > 0 1 L 5
Ym0 ;"d ~v, - ; vy
VyN =VLU t=t)_q1/3 Ortp — Lp'LU t=t;_1/2 Or ty (4) Varar <0
Ut’N =ULV [t=ty_q1/0 orty — Lpiy t=tj_1o Or ty (5)
VWN = —UUN — UVN. (6)

are depicted in Fig. 3(b)—(d), and their voltage equations are
Thus, the reactor voltage is easily obtained by multiplicatiogkpressed by
of the reactor inductance and the derivative of the measured

X . 2,
line current. In practice, these voltages are sampled and held 3 Ud =VUN — ULU (7)
for the control to be proposed in this paper. If a secondary —% Vg = VYN — ULV (8)
winding is wound on the input reactor, the winding provides —L vy =vwN — vrw. )

a voltage proportional to the derivative of the line current s

flowing in the reactor (primary winding). Table | indicates the other cases of voltage equations on the ac
side. According to (7)—(9) and Table I, the estimated dc-side

B. DC-Side Voltage Estimation voltage vg* may be written

The phase voltage referencegi-an', veu-sny and
VUetl-CN’, Vary in positive or negative regions. The bridge
input voltagesyan’, vrn’, andwvcns at zero-cross point of the
carrier are2vq/3, —vq/3, and —vy/3, respectively, in just the Assuming that the mains phase voltages att;_;,, and at
time duration shown in Fig. 2. In this case, equivalent circuits= t; are equal to those at= #;_;,4 and att = tg1 /4,

vl =2 {|lvun — vLu| + [ovny — vrv|

+ |UVVN - UT,VV|}|t=tk_1/4 ortyy1/4- (10)
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Fig. 4. Block diagram of controller.

Time [ms)

Fig. 7. Line current waveforms (5 A/div).

B e——————————p
_t‘.'.‘l Power lactor
& 80 |
=
=
L 1 ] . B0
0 T 20 g%
lime [ms) EE a0 F
. . . =] - .
Fig. 5. Mains and dc voltage waveforms. (a) Measured mains phase voltages b g TTID (2nd-20¢h)
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dc-side voltage (160 V/div). (d) Estimated dc-side voltage (160 V/div). =¥
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1.5 4 2.5 3 K
respectively, the mains phase voltages in (10) can be replaced
with the estimated mains phase voltages given by (4)—(6). o
Therefore, the estimated dc-side voltage may be expressedigss: Steady-state characteristics.

Input power kW]

3L . .
v (tr_1/4) = T [|piv (tk—1/2) — piv(tr_1/4)| Th.us, theI etshtlmlgted dc—swtie voltagg may be expressed by
. . using on e line currents.
+ |piv(te—1/2) — piv(th_1/4)l g ony
+ |piv (tr—1/4) + piv(ti—1/4)

i ; C. Estimation of Initial Voltages
— piv(tp—1/2) — piv(tk_1/2)|] (11)

The mains voltages and dc-side voltage are unknown at
(|piv (tk) — piv(tryisa)] start up. Applying a first switching operation sequence at the
. . start up allows an estimation of the initial voltage values. This
+piv(tr) = piv (frrya)l switching sequence being used to know the initial voltages,
+ |ptv(te1/4) + piv(titi/4) — piv(te)  its duration should be chosen short enough in order to avoid
— piv(te)|]- (12) an overcurrent.

. 3L
Vg (thg1/a) = T
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Fig. 9. Transient responses of the estimated voltages.
[ll. EXPERIMENTS in waveshape to the measured voltages. The estimation of the

dc-side voltage is partly degraded. The failure of estimation
occurs at a sampling point when one of the phase voltage

referencesvci-an’, vet-nvs and veg-one IS close to zero,

Fig. 4 shows a block diagram of the proposed controllely \yhen the switching devices are turned on or off during
Theoretically, this controller measures only two input ling,, acquisition time of the S/H circuits.

currents. In the experimental setup, the controller Measuresy confirm the effect of the S/H acquisition time, the

tvyo mpu_t line currents and two secondary—v_vm(_jmg VOItagegimulations of dc-side voltage estimation are shown in Fig. 6.
d|ﬁerent|ators are not us_e.d.and secondary Wlnd_lngs are WOL1'ﬂdthis simulation, the S/H circuit outputs the average of

on the input reactors. Utilizing Fhe secondary windings mste?lqe input at the beginning and at the end of the sampling
OT dlfferentlators_ has the merit that the reac'For voltag_es_ Hferation. Fig. 6(a) is the estimated dc-side voltage with ideal
directly and easily measured and_that the noise sensitivity H operation, i.e., the acquisition time is zero. In this case,
the controller be_co_mes lower. Ir_‘ this case, although the Sens_g]gatisfactory estimation can be obtained over the whole time.
of secondary-winding voltages is needed, an isolated Cond't'ﬂpFig. 6(b) and (d), as the acquisition time becomes longer

between the main circuit and its controller is still kept. the duration of the 1"ailure is increasingly noticeable '

In Fig. 4, S/H is a sample-and-hold circut, the data acquisi- 1 's e this problem, sampling at the sampling point should

tion time is 2us. The gate signals to be applied to the SW'tChmll?e suspended or a low-pass filter should be employed. In the

devices can be generated by a pulsewidth prediction contro %(rperimental system, the low-pass filter is used.

[4], [5]. In addition, other control schemes are also apphcab?eIn the de-side voltage estimation, since the mains phase

if the measured and estimated values above are enough folr : . .
: o . . voltage is assumed to be equal to its previous value at a quarter
controlling the rectifier. DC-side voltage, is governed at

the dc-voltage referencéV;.t-q) by a proportional-integral switching period befc_)re,_the accuracy .Of the esti_matior_1 s
(PI) controller that gives the amplitude of the line-currerf ffected by the switching interval. According to the simulation
references results, the maximum estimation error in the steady-state

o 0 - . .
The constants of the experimental rectifier setup of Fig.t nd|t|c_>tn hls O'EA’ atf _d 8 kHz. Thti error mcreat?es 2‘40/
are as follows: the mains voltage (line-to-line) 200 V, the € switching lrequency decreases, the error reaches 1.4%

h 0 - . ;
mains frequency= 50 Hz, L = 1.88 mH, C' = 1000 uF, ﬁt o = 2 kHz art;? 2f'8/° atf, ”._ 1 :HZ' T.rf].'s errolr 'S,
R =519, Vip-a = 380 V, and switching frequency: 8 kHz owever, acceptable for controlling the rectifier as long as

(carrier periodT, = 125 us). A three-phase insulated gatéhe switching frequency is kept at a few kilohertz or higher.
bipolar transistor (IGBT) bridge is employed The impedance of the mains also affects the accuracy because

the estimation becomes faulty due to the mains voltage dips
o caused by the switching operation. This problem will be
B. Steady-State Characteristics practically solved by installing the ac-side filter capacitors that
Fig. 5 shows the measured voltages and estimated voltages usually employed to eliminate the switching ripples of the
when the input ac power is about 3 kW. The estimatdihe currents.
values are utilized to control the rectifier. The measured phasd-ig. 7 shows the experimental waveforms of the line cur-
voltagesvyy and vy are observed by using a balanceéd rents. The line currents flow sinusoidally and are approxi-
connected resistor. The estimated phase voltages are very choagely in phase with the phase voltages. The total harmonic

A. System Configuration
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distortion (THD) is 8.9%, and the THD including only lower
harmonics (2nd—20th) is 2.8%. The total power factor is aba
99%.

Fig. 8 depicts the steady-state characteristics of the rec
fier. The rectifier achieves high power factor and low THI
operation regardless of the output power.

\ Y

C. Estimated Voltages in Transient
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Fig. 9 shows a comparison of the measured voltages and
the estimated voltages when the mains voltage is abruptly
changed. The rectifier is controlled so that it equivalently acts
as a constant balanced resistor at the ac input terminals
the rectifier. The estimated phase voltage agrees well with |
measurements. On the dc side, the estimated value reprodt
well the actual voltage except at the sampling points, i
mentioned above.

4

of electrical machines. His recent research is related to power factor correction
A new PWM rectifier controller has been discussed. This ac-dc converters and active power filters.

IV. CONCLUSION

controller estimates the mains voltage and dc-side voltage abrz
using the input reactor voltages. The input reactor voltages can
be obtained from differentiation of the line currents or from
direct measurement at the sensing windings of the reactors. In
the first method, PWM rectifier operation is achieved withot*
any voltage sensors. The second method gives ac- and dc-:
voltage information while measuring only sensing-windin
voltages and realizes an isolated condition between the m
circuit and its controller; the practicality of this method ha
been shown by experiment.
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