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Abstract: The Vienna rectifier with unbalanced input voltage and load transient is analyzed. A nonlinear control

strategy for Vienna rectifier under unbalanced input is proposed. From the view of positive and negative sequence

components, the proposed nonlinear control strategy suppresses the twice frequency ripple and guarantees the

dynamic response characteristic at the same time. Thanks to the proposed nonlinear control strategy, the DC bus

capacitor can be reduced a lot since the voltage ripple and drop can be suppressed. A 10 kW Vienna rectifier is built to

verify the proposed control strategy. After applying the proposed nonlinear control strategy, the voltage ripple is only

7 V and decreases over 75% over the traditional PI control when the unbalanced degree is 20%. The voltage drop can

be reduced about 80% than former control strategy which is helpful to reduce the DC bus capacitor and achieve higher

power density. The volume of the capacitor can be reduced by 83.3% with the new control method.
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0 Introduction

The increasing demand for high-power applica-
tions makes the application of three-phase PWM
rectifiers more and more extensive. Among them,
Vienna rectifier, as a three-level topology, has be-
come the hotspot due to the advantages of low volt-
age stress, high power density, high efficiency and
low total harmonic distortion (THD)"™. Therefore,
it 1s widely used in data center, telecom and aero-
space power systems'**',

Since Vienna rectifier is a unidirectional con-
verter, there could be twice power frequency ripple
of the DC bus voltage when input voltage unbalance
occurs 1n different phasesm. In Vienna rectifier, the
DC bus capacitor plays an important role since it can
be increased purposely to suppress the twice fre-
quency ripple. However, it should not be too large

in order to achieve load transient performance®”.
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However, too many capacitor will increase the vol-
ume therefore sacrifice the power density. A tradi-
tional control strategy is to make the input phase cur-
rent track the input voltage. Nevertheless, it cannot
eliminate the input power ripple and output dec-link
voltage ripple'®®". In Ref.[10], a current loop based
on proportional resonant (PR) controller has been
achieved according to the model under unbalanced
input. It can achieve good input and output charac-
teristics under unbalanced input, but it hurts the dy-
namic performance. Refs.[11-12] used passive con-
trol and sliding mode control respectively to opti-
mize the dynamic performance of the nonlinear sys-
tem, however, and these two methods are all based
on balanced input, which is not suitable for unbal-
anced input voltage. Same thing happens in the load
feed forward digital control scheme to optimize dy-
namic performance’'”. Ref.[14] used a digitized feed

forward compensation to optimize the dynamic
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while this will improve the complexity of the control
system and increase the requirement of the MCUs.

According to the model under the unbalanced
input voltage, a nonlinear control strategy is pro-
posed in this paper to obtain good performance for
both steady and transient states. In the proposed
nonlinear method, passive control for the current
loop and sliding mode control for the voltage loop
have been combined to guarantee a good dynamic re-
sponse. With the new nonlinear control strategy,
the DC bus capacitor can be reduced a lot since good
steady state and dynamic performance can be ob-
tained at the same time even under unbalanced input
voltage.

This paper is organized as follows. In Section
1, based on the mathematical model for Vienna rec-
tifier under unbalanced input, the problems under
traditional PI controller have been analyzed. In Sec-
tion 2, a novel nonlinear control strategy has been
proposed to optimize the steady state characteristics
under the unbalanced input voltage and dynamic re-
sponse under the transient load. In Section 3, the
experimental results are presented and discussed to
verify the proposed nonlinear control strategy. Final-
ly, the main points of this paper are summarized in

Section 4.

1 Problems with Traditional Con-
trol Strategy for Vienna Rectifi-

er

1.1 Operation property of Vienna rectifier

Fig.1 shows the structure of the Vienna rectifi-
er. R, and L,, L;, L. are the equivalent resistance of
input and boost inductors of each phase. S,, S, and
S. are the power switches of each phase. C,, C, and
R, are the DC bus capacitors and the equivalent load
of rectifier. u,,u;,u., i,,i,,i, are three-phase instanta-
neous input voltages and currents. i, i, and 7,, (A=
a, b, c) are currents flowing through the upper di-
ode, power switches and lower diode, respectively.
U¢, Ug and Uy, are the rectified output voltages of
upper capacitor, lower capacitor and total DC bus.

i, and 7, are the currents through the positive and

negative dc-bus. iyis the current flowing through the

midpoint M.
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Fig.1 Topology of the Vienna rectifier

Under balanced condition, where i,+i,+7.=0
and u,+u,+u=0.S, (b=
states of the bidirectional switch in Fig.1, then the

a,b,c) are the switching
switching functions can be defined as: S;=1 means

the switch is on; S,=0 means the switch 1s off. If

the neutral voltage is balanced (Us=U~»=U,/2),
u; can be given as
0 S, =1
w=14U, . i=a,b,c (1)
7d51gn(z',-) S, =0

2
According to Kirchhoff’ s voltage law, the mat-
hematical model of Vienna rectifier under dg rotat-

ing reference frame can be derived as

di, : .
14 dt/ — _R/ld + CUIlZ,I — EUd(‘Sd _'_ Uq
di, . .
14 dll ey 7R/l(1 - w[lld - EUdqu + u‘[ (2)
dU. _ 3. 3. 2V
d[l :Eldsd"*gll[sq— Rd

where w,,, 14, S represent the components of
three-phase instantaneous input voltage, input cur-
rent and switching states under dq rotating reference

frame.

1.2 Problems with traditional control strategy

under unbalanced voltage

Under balanced case, the typical control loop
of the system under dq rotating reference frame is
shown in Fig.2, where PI controller is adopted in
both the voltage and the current loop.

The output of the voltage loop is applied as the
current reference of d-axis i;,". The current reference
of g-axis i, is set zero. The output of the current
loop 1s sent to the SVPWM module to generate the

drive signal for each phase. The modulation strategy
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Fig.2 Traditional control strategy under dq rotating frame
applied here is the equivalent SVPWM'™ ' L is
added as a coefficient to realize the power decou-
pling between d-axis and g-axis.

There will be twice power frequency ripple of
the output voltage when the rectifier works under
unbalanced condition. In addition, the PI controllers
used in control loop will inevitably cause ripple of
the output voltage when three phase voltage are un-
balanced or the load changes dynamically. There-
fore, when the input or output conditions of the Vi-
enna rectifier changes, its input and output charac-
teristics will also be affected due to the poor anti-dis-
turbance performance. In this case, in order to limit
the output voltage ripple to a certain range, large ca-
pacitance is required and it will definitely influence
the power density.

Fig. 3 shows d-axis current inner loop control
block diagram of traditional double-loop control
strategy of Vienna rectifier under dq rotating refer-

ence frame.
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Fig.3 Control loop of the d-axis current

Corresponding transfer function of d-axis cur-
rent inner loop can be achieved
s(1+ Tus)(Ls + R))
G/t/(s) - (3)
5(1 + Td.s') (145 + R[) + (de.s‘ + K(/I)

where K,»+K,/s is the transfer function of the PI

controller, 1/(1-+T,s) the delay time of current
sample and DSP controller, and 1/(Ls+R,) the
transfer function of the main circuit. According to
Routh Criterion, the control system is stable since
all the the closed-loop feature roots are on the left

side of the imaginary axis.

However, for unbalanced three-phase input
voltage, there would be twice power frequency com-
ponent in the instantaneous active power and reac-
tive power, which means the input current 7, and i,

have twice frequency disturbance

X Kis
Ion(s) = 5——— (4)
i (9) s+ 2w )
where K, is a constant. Then the response of current
error to the disturbance can be obtained

E(,‘;,,‘/)(S) - I;(Zw)(s) Guls) =
Klsz ( 1 + T([S )( IzS + R/)

[s*+ (2w)2] [s(1+ Tys)(Ls+ R,) +( Kups + Ku)
(5)
The denominator of Eq. (5) includes a pair of
conjugate poles s, ,=— + 2w, which means this equa-
tion does not satisfy the final value theorem condi-
tion of Laplace transform'”’. In other words, the PI
controller cannot realize tracking control without
static error when variables contain twice frequency
components.
Fig.4 shows the steady state waveforms of a
Vienna rectifier system with unbalanced input volt-

age.
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Fig.4 Steady state waveforms of input current and out-

put voltage under unbalanced input

The parameters involved in the simulation sys-
tem are listed in Table 1.

As shown in Fig.4, there is apparent distortion
of the current waveform. Additionally, the wave-
form of the DC bus voltage has twice power frequen-
cy ripple AU,,.=25 V which will influence the
steady state performance of the system. In brief, the

traditional model and control method cannot elimi-
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Table 1 Parameters of simulation system

Parameter Value

Input voltage u, ../ V 220(—20%)

Input voltage u,. .../ V 220(+20%)
Input voltage «, .../ V 220
Nominal power frequency f/Hz 50
Switching frequency /./kHz 34
Input inductor L/pH 350
Output voltage U, 700

Output capacitor C/uF 180( X 6)

Output power P/kW 10

nate the twice power frequency component, thus
the DC bus voltage ripple become obvious. Also, it
will hurt the THD of input current and power factor

(PF) eventually.

1.3 Problems with traditional control strategy
under transient load

If the line impedance is ignored under the condi-

tion of unity PF, which means 7,=0 and R=0 in

Eq.(2), then the d-axis current can be obtained

. Cuye duy, 2 . o %
=5 + Sud(.z(,)/(ud L dz‘) (6)

where i,=U,./R, is the output current of the rectifi-

er.
Discrete and formulate Eq.(6) when the rectifi-

er works with pure resistive load

 Cug(k+ 1) [ua(b+1) — uslk) ]

i+ 1) = | |
3[-\'(7’{41 — L ch(k + 1[) ch(k))

2u(k+1)i,(k+ 1)

3(@ [ du(kF1) = id(.(/e))
2
(7)
The reference of the d-axis current component
is
o= (Kup+ Kdu/«“ )ege — ) (8)
After performing discretization to Eq.(8) , we
can get

K((‘ *
i(k+1)= (chﬁ ) [us(k+1) —

s
e (h+1)+1,(k) )

LR = Kaut, ) [ui(m) — e(m) ]
When Vienna rectifier works at a steady state,

such simplification can be achieved

Vol. 36
u;r(k+1)~udc(k+1)~u(h(k+1) (10)
ikt 1)~i(k+1)~i,(k+1)
After combining Eqs. (7), (9), there is
. Ksl - C? dc((/e/l+ 11) )—i (k)
“ 3[\(1,{[1_14 de . de )
TS NTES e T
3( "0, — L ldc( 2 Lgc )
(1)

where [ 7, (k+1)-i,. (k) ]/t is the change rate of the
d-axis current. Eq.(11) implies that the parameters
of PI controller K, and K,,in voltage loop are relat-
ed to the output voltage and the change rate of the
d-axis current. The parameters of main circuit such
as L, C and the parameters of the controller such as
K and K,,does not change when the rectifier is
working. Accordingly, when the Vienna rectifier
starts or has the transient load which means u,
changes, the output voltage u, will change too. Ad-
ditionally, the PI controller has the lag part which
will lead to a poor dynamic response when the load
changes suddenly.

Fig.5 shows the waveforms of the output volt-
age when the load increases from 10% power to full
power in Vienna rectifier whose parameters are list-
ed in Table 1 under balanced condition. Since the
control loop of output voltage uses traditional PI
controller, the output voltage drops 55 V in Fig.5
which does not satisly the limit of the voltage drop.

400 u, u, u.
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=400
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Fig.5 Dynamic waveforms of output voltage under

load transient

From the analysis above, in order to solve the

problems under unbalanced input and load tran-
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sient, we need to optimize the mathematical model
and control strategy and replace PI controller with

nonlinear controller.

2 Proposed Nonlinear Control

Strategy for Vienna Rectifier

2.1 Optimized mathematical model under un-

balanced input voltage

Since the Vienna rectifier is a three-phase
three-wire system, zero sequence component does
not exist in the circuit. Therefore, the input voltage
and current can be written into the sum of the posi-
tive and negative sequence component when three
phase input is unbalanced

Uase (£) = e (2) + e (1)
G (1) = T (1) + 70 (1)

Then the instantaneous active power P;,(7) and

(12)

reactive power Q,,(#) can be achieved in Egs.(13),
(14). The instantaneous active power directly af-

fects the output DC voltage.

Pin([) - ualn"l’ah( — Pin,O +
: (13)
P, »cos (2wt) + Py, osin (2wt )
Qin (f) - u;/u .iu/}r - Qm,O +
(14)

Qi 208 (2w1) + Qi w8in(2w1)
Poo=uji; “u)i, “usis +u, i,
Quo=usly —u, i, —u, i, +tusi,

Poo=usiy tuji, Yusictui; = Qi

Poo=u,i; —usi, —u, iy tusi, = — Qi

(15)
where P, , and Q,, , are the DC components. The
DC component of the reactive power Q, , deter-
mines the PF value when the circuit operates. P;,(2)
and Q,,(7) also contain twice power frequency com-
ponents including P;, », Pi 2, Qi and Qi .. The
twice power {requency ripple will be introduced into

the DC voltage, when P, ., and P, , are not zero.
Eq.(15) gives the detailed expression of P, ,,
Py Pine, Quory Que and Qy . Since Py, ,—
Q. wand P, »— —Q,, .2, the ripple of the active pow-
er and inactive power can be eliminated at the same
time. In order to realize the unity power factor and
suppress the twice frequency ripple, the control tar-
gets can be set as: Q,, ,—0, P, ,— P, and P, ,—

P;, ., =0. Therefore, current reference can be writ-

ten as Eq.(16)

I:id* . lq* iq*]: [u) 0 uq.;. uq*]

(16)

Compared with the current reference 7, ac-
quired under the balanced input voltage in Section
1, the current reference #,", i,", i, " and 7,  in
Eq.(16) can guarantee none twice power frequency
ripple at the DC bus even with unbalanced
three-phase input. Combined with the traditional
control loop in Fig.2, extra three PI controller are
required in 7,", 7,7 and i, " which will worsen the
dynamic response a lot. Therefore, nonlinear con-
trol strategy is way more suitable here than the PI
controller since it has better dynamic response than

before.

2.2 Proposed current loop based on passive

controller

Compared with PI controller, passive control-
ler is a nonlinear control strategy from the view of
energy, which can improve the dynamic characteris-
tics. Therefore, passive controller is a better choice
than PI controller for the current loop"*""".

From the analysis in Section 2.1, the mathe-
matical model of Vienna rectifier under unbalanced

input can be written as Eq.(17).

aip |
dx
L di,
dx
L 4
L d;‘{ +
L -
C di,
dl.
dud(‘
L dr |
_ st
O (,UL 7
S, | ia
ok 0 2 |l
o e Seff|*
2 |,
Sq udc
wl 0 2
L—S. S, —S, S, 0]
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(R, 1o B After substituting the error function . = x — x°
Lq Uq . . .
R, + Lt into Eq.(18), the dynamic characteristic of the error
q q .
R, . (17) system can be obtained
R e ”" . e
! i, w Mz, + Jr.+ Rx.=e—(Mz"+ Jx" + Rx")(24)
2 | ! . . .
T |Lua 0 According to the passive control theory, in or-

According to the Euler-Lagrange (EL) equa-
tion, the above equation can be written into EL
model

Mz +Jr+ Rr=c¢ (18)
where M is the energy storage term, J the connec-
tion term of internal interconnect structure, R the
dissipative term and e the input term of the system.
From the point view of energy, the energy stored in
C and L is always equal to the input energy of the
system minus the energy dissipated in R, and R,.

Based on the passive controller theory, for a
with multiple-input multiple-output (MIMO) sys-

tem

{i—f(x,u) 19)

y=h(x.u)
where x € R" is the state variable, x € R” the input
of the system, y the output of the system, fthe par-
tially continuous function on (&, ), and & the con-
tinuous function on (&, u). If there is a continuously
differentiable semi-positive energy storage function
H(x) and a positive definite function Q(x) , for any
T>>0 the dissipative inequality satisfies Eq. (20) ,
then the system is a strictly passive system.
T T
H[x(T)] — H[I(O)] < JO w' ydr— JO Q(x)dr
(20)

where u'y is the energy supply rate. Assuming that

the total energy function of the Vienna rectifier is

1
H= E.ZTMx (21)

From Eqgs.(18) , (21), there is
H=x"Mr=2x"(e — Jr — Rx) (22)
Since J,+J, does not influence total energy of
the system for it only reflects the structure, after in-

tegrating £q.(22) on 0—T ,we can get
T T
H(T) — H(0) = j xeds — j " Radr (23)
0 0
Therefore, the Vienna rectifier is a strictly pas-

sive system where passive control theory can be ap-

plied.

der to make the error system dynamic characteristic
converge to zero quickly, a dissipation term R, need
to be injected. The dissipation term after injection is
R, = R + R,. Then, the new error system dynam-
ic characteristic after injection can be obtained
Mz, + Jr.+ R,x.—
e—(Mz +Jx"+Rx" —R.x.) (25)
where R, is the injected dissipation term and R the
initial damp term. The control law can be achieved
in Eq.(26) since M1, + Jx. + R,x. = 0 need to be
realized
e=Mzi"+Jx"+Rx" —R,x. (26)
After substituting Eq. (26) into Eq.(17) , the

switch function under passive controller can be

achieved

S, =2[u; +wlLi;, —Rji,” -l-m(ll — i) 1/ Us

S, =2[u, —wLi; = Ri," +ro(i; —i,)1/Us

S, =2[u, — wLi, R,z/+ras(z i") 1/ U

S, =2[u, +wLi; — R, +ru(i, —i,")]1/U.
(27)

where i,'", 4,7, i,/ and i, can be achieved by the
outer voltage loop. After sending the switching func-
tion into the SVPWM module, the duty of each
switch can be achieved to realize the control for the

Vienna rectifier.

2.3 Proposed voltage loop based on sliding

mode control

Compared with PI controller, sliding mode
controller is a more suitable solution under unbal-
anced voltage input since the outer disturbance and
change of the variables will not influence the opera-
tion of the system when it works on the sliding
mode surface'”*".

According to sliding mode variable structure

control theory, the sliding mode surface is

S(xe)=—x;+m dg;) =
x.;x;er(dISd[dIS) =0 (28)
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where m (m=>0) is the sliding mode coefficient, z.;
the input variable, x5 the real value and x; the refer-
ence. The larger m is, the less time the system
takes to reach sliding mode. However, larger m will
lead to a narrower area where the sliding mode ex-
ists. In the voltage control loop, the error between
the DC bus voltage and the reference voltage x.—
X5 —T5=ue— Uy 18 chosen as the input variable.
According to Eq. (17) , when the rectifier
works under unbalanced input voltage there is
du.  Sii; +Sii, +S;i, +S, i, —2

dz C
Since the value of DC bus reference voltage

will not change, du;/d/=0. Then Eq. (28) can be

“(29)

written as
S(xCS): Uge — ch +
m(sjz‘; +S, i+ SC;i; +S, 1, — 21’,,) (30)

After substituting Eq.(16) into Eq.(30), there

C .

K|:2i“ _'_ 7 (ud(‘ - udc):|

p— m (31)
 SyistSii Sy il S0,

When the system operates at a steady state,
the reference value such as u, can be considered
equal with u,.. Then Eq. (16) can be written as

q i; ]:

p (32)

— lu, w; u u,]

7R P SR A S A T

Therefore, the switch function Eq.(27) can be
changed to
S;=2(u; + wLi] — R,i;") /U,
S, =2(u, —wlLi; — R,i,")/U,
Se = 2(uy —wli, — Rji;") /Uy
S, =2(u, +wLi; — R, )/Ug
After substituting Eq. (33) into Eq.(29) , the

(33)

power reference under unbalanced input can be

achieved
c, .
Kudc |:2iu + ; (udc o udc):|
P, = (34)
2[K — ﬁR P
K 4o

where the detailed expressions of K and K, are

Y 2 p 2
K— [(@)# (u)) J —[(u;)# (u;)J
2 2 2 2 (35)
Ko=)+ ()] [+ ()]
In order to optimize the design of controller,
assuming R,=0, then Eq.(34) can be simplified as

uC
;y (udc 7 udc) (36)
m

Fig. 6 shows the control loop of the sliding

P,=P,+

mode controller. As can be seen in Fig.6, the vari-
able P, is applied as the output of the voltage loop
which is sent to the current loop to acquire the refer-

ence of the current based on Eq.(16).

+

uy, —=(X—= Cl(2m) % & P
- +
U, T ¢ i,

Fig.6  Control loop of the voltage loop

Fig. 7 shows the control block diagram of the
proposed nonlinear control strategy. As can be seen
in Fig.7, the output of the rectifier 7, and U,. are
sent to the voltage loop where sliding mode control
is applied. Then, the output of the voltage loop P,
is sent to the current reference diagram to get i, ",

J— i
g > l(/

and 7, . Finally, the current reference is
sent to the current loop to get the duty of each phase.

The simulation has been built on the PLECS
to compare two different control strategies under un-
balanced iput voltage. The parameters are the
same with those in Table 1. When the load changes
from to 10% load to full load, the waveforms are
shown in Fig.8.

As can be seen in Fig.8 (a), the voltage drop
under traditional control strategy is 40 V and the
time it takes to achieve steady state is around 30 ms.
Additionally, the twice frequency voltage ripple is
10 V. However, with proposed nonlinear control
strategy, the voltage drop and the steady time are
only 5 V and 8 ms, respectively, in which the twice
frequency voltage ripple is only 0.5 V. The simula-
tion results show that the proposed nonlinear control
strategy has a better performance for both dynamic

and steady states than the initial one.
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Fig.7 Block diagram of the proposed nonlinear control strategy
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(b) Proposed nonlinear control strategy
Fig.8 Simulation waveforms of DC link voltage under

transient load

3 Experimental Verification

To verify the proposed nonlinear control strate-
gy in Vienna rectifier under unbalanced input volt-
age, a prototype of 10 kW is built in Fig.9. The in-
put phase-voltage of the convert is 220 V when
three-phase voltage is balanced. The traditional con-
trol strategy is depicted in Fig.2, and the proposed

nonlinear control is depicted in Fig.7. The construct-

ed experiment is designed with the same parameters
as those listed in Table 1. The controller of the pro-
totype is implemented with TMS320F28075 DSP
processor. The C28x floating point unit (FPU) fas-
tRTS Library is applied here since it can realize the
functions such as sinusoid and square root here. Ac-
cording to the application note of this library, the
routines in this library can guarantee that the user
can achieve execution speeds considerably faster

than the past.

DSP controller ~ Auxiliary power

DC bus c/apacitor

3

o
EMI filter Input inductor
i g 2>

Fig.9 Experimental prototype

3.1 Steady state waveforms under unbalanced

voltage

Fig.10 compares the waveforms of DC bus vol-
tage when three-phase input is unbalanced. The volt-
age of phase A is 110 V, the voltage of phase B is
110 V(+20%) and the voltage of phase C is 110 V
(—20%). The blue waveform is the DC bus volt-
age. From Fig.10(a), the amplitude of twice power

frequency voltage reaches 28 V under traditional
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control strategy. When the nonlinear control strate-
gy 1s applied, the ripple can be reduced to 7 V that
is only a quarter than the initial ripple. Accordingly,
the voltage ripple can be reduced a lot under the pro-

posed strategy.
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Fig.10 Waveforms of DC link voltage under unbalanced

input

3.2 Dynamic waveforms under load transient

Fig. 11 compares the waveforms of the input
voltage, input current and DC bus voltage when the
power jumps from 1 kW to 8 kW. As can be seen in
Fig. 11 (a) , the drop of the DC bus voltage can
reach 50 V under the traditional control strategy. Be-
sides that, the time it takes to return the steady
state 1s 200 ms. However, the voltage drop is only
12 V when nonlinear control strategy is implement-
ed and the time can be reduced to 40 ms. The quali-
ty of the current waveform will not be influenced a
lot under the proposed control strategy. Hence the

new control strategy can increase dynamic character-

istic and decrease the voltage drop strikingly.
3.3 Capacitance decrease experiment

Since the proposed nonlinear control strategy

can reduce the voltage drop when the load transient

Tek Prevu :
] AANA NN '\ AAAAANNA
\‘ﬂ\‘h\ ‘{“ ‘H‘“M“l“ VW W v/'\k §
,-Wuﬁ.qhm.qhuh i A,' WARA neavs
' m:”\f:\jMM\,Umhﬂ
‘HQ \ |
ARSI \ |
\Ba 'a/(ZOOV dlvﬂ)

<
-
e
<
=
e
s

V
1, QOA vy

Uy 200V * div')s() v 200 ms |

Time / (40 ms * div'")
LS :
B « 2" | el S

(a) Traditional control strategy

Tek Prevu f

ffﬁA“'\‘\“\‘\,f\\f‘Hfff‘”
*H “l\"“ 'ﬂ,“vw‘/‘\rff' f‘, ff\,
B’M"‘v"w"bﬂwvw’\»f‘w"v" AR
T TV
\l\/v\t\/\l\l\l\JVV\/JJ\/\/ V
‘m/(ZOOlev) 1/ (20A - d1v)

U/ Q00 V + div?) 15y 4 le—sl
40 ms

Time / (40 ms * div")

mo 200V @ 004 40.0ms 25.0MS/s ® / 28 0ct 2018
& v ] 10M points 400V 10:27:54

(b) Proposed nonlinear control strategy

Fig.11 Experimental waveforms of DC link voltage

under transient load

happens, the DC bus capacitor can be reduced to im-
prove the power density of the rectifier. As can be
seen in Fig.9, the initial capacitor of the prototype is
180 pF ( X6). The waveforms of the DC bus volt-
age after reducing the capacitor to 180 pF ( X 3) are
shown in Fig.12. As shown in Fig.12(a) , the volt-
age drop under traditional control strategy can be
72 V that 1s unacceptable in the real operating condi~
tion. After applying the nonlinear control strategy,
the voltage drop can be reduced to only 32 V less
than the drop in Fig. 12 (a) when the capacitor is
180 pF ( X 6). Accordingly, the capacitor can be re-
duced with purpose when the new control strategy is
implemented for this can guarantee the same or even

better dynamic characteristic than the initial control.

3.4 The optimization of capacitance experi-

ment

In order to achieve better performance of the
steady state, the film capacitor and electrolytic ca-
pacitor are selected to absorb high frequency and
low frequency current ripple, respectively. Accord-

ing to the rules of impedance matching'*’, there is
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Fig.12 Waveforms of DC link voltage under transient

load after reducing capacitor

+ 2xnf.L,
1

" 2/,
X, =5X,

where C,is the electrolytic capacitor, and L, the in-
ductor in series with C; and C,is the film capacitor.
Since the value C,is much larger than C,, the induc-
tor L, 1s required to realize that the low-frequency
current ripple mainly flow through the electrolytic
capacitor. The ratio between low-frequency and

high-frequency is selected as 5: 1 here. The detailed

parameters of the capacitor are shown in Table 2.

Table 2 Capacitor parameters

Supplier Type Value Number
AiSHi  ELC2WMI181040KT 180 pF/450 V 3

KEMET C4AEGBU5S100A1XK 10 pF/450 V 1

Fig.13 shows the waveforms of current flowing
through the electrolytic capacitor 7, and the film ca-
pacitor i, when the output power is 4 kW. After per-
forming Fourier decomposition, we can get the

spectrum of current flowing through capacitors. By

comparing Fig. 13 (a) and (b) , we can find the
low-frequency component of i, is much larger than
i which means the low-frequency ripple flows main-
ly through the electrolytic capacitor. On the con-
trary, the high-frequency current flows mainly
through film capacitor since the high-frequency com-
ponent of i, is far more than 7. It can also be found
that current ripple at switching frequency of i, is
nearly five times that of 7,,, which corresponds with
the theoretical analysis. Therefore, the proposed
CL-C connecting method can reduce the DC bus ca-

pacitance effectively and promise the same working

performance.
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der Fourier transform after reducing capacitor

3.5 Comparison of steady state efficiency

The efficiency of the convert under two control
strategies is shown in Fig.14.

As shown in Fig.14, the comparison of efficien-
cy indicates that the nonlinear control strategy will
influence the efficiency a little which is 98% when
the load is 8 kW. Although the total efficiency de-
creases 0.5%, the Vienna rectifier can still have a

high power frequency.
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