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Abstract. In this paper, a comprehensive design for
a 100 kW/400 V, three-phase pulse-width modulated
(PWM) AC-DC converter is presented that serves as
the front-end power supply for wide-range varying ac-
tive load. This power supply includes two series stages;
a siz-switch AC-DC boost converter and a DC-DC buck
converter to requlate 400 VDC at load side. The design
of all inductors and capacitors is fulfilled using math-
ematical expressions. In addition, small signal mod-
elling and controller design are presented in order to
raise the design efficiency of the proposed converter.
Also, due to the high power application, improved soft-
switching techniques are applied. Furthermore, system-
atic approach to design an input EMI filter for DC-
DC converter is explained. The simulation results per-
formed by PSCAD software show that high performance
of the proposed power supply is obtained in terms of sta-
bility, high power factor, high efficiency and low total
harmonic distortion (THD).
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1. Introduction

Three-phase AC-DC electric power conversion is widely
employed in diverse applications such as adjustable-
speeds drive, uninterruptible power supplies, HVDC
systems, etc. [1], [2], [3]. Conventionally, AC-DC con-
verters known as rectifiers are developed using diodes
and thyristors to provide uncontrolled and controlled
DC power. They have poor power quality, low power
factor, high THD and low efficiency. Besides, they
need large size of AC and DC filters. Nowadays, it
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is a common concern to use converters which provide
reduced size, high power factor, high efficiency, low
THD and well controlled DC voltage to present flexible
system operation. Therefore, with the advent of new
solid-state self-commutating devices such as IGBTs,
MOSFETS, GTOs, etc., new converters are known as
switch-mode rectifiers (SMRs), power factor correctors
(PFCs), PWM rectifiers, multilevel and multi-pulse
rectifiers [4], [5].

Appropriate modeling and control of PWM convert-
ers are increasingly being regarded in high power ap-
plications. As design of inductors and capacitors in
power converters are based on the requirements of ap-
plication, proper analytical expressions should be ful-
filled. Also, in most cases of converters’ controller de-
sign, there are two steps: selection of modulation strat-
egy, which corresponds to open-loop control, and de-
sign of dynamic closed-loop control. Therefore, devel-
opment of converters’ small signal models is the best
well-known approach to design proper controller [6],
1, 18]

High-power converters suffer considerably from low
switching frequency due to the high switching losses.
Thus, adverse control bandwidth and large passive
components are achieved by low switching frequency.
On the other hand, since high switching noise is more
intense in high power converters, soft switching tech-
niques are the best options to improve switching noise
as well as switching frequency. In high power convert-
ers, zero-current-transition (ZCT) technique is a pleas-
ing method, where the IGBTs are power devices [9],
[I0]. The topology of the presented 100 kW /400 V
AC-DC converter is shown in Fig. [I] It includes two
stages: a six-switch AC-DC boost converter equipped
with soft switching technique in series with a soft
switched DC-DC buck converter. The proposed con-
verter is connected to a three-phase, 50 Hz utility grid
with Vs = 220 V.
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This paper is organized as follows: Section
gives mathematical expressions to design passive com-
ponents of the proposed topology which are essential
to extract converters’ small signal model and then to
design controller. Section [3. ] presents theoretical ex-
pressions to design auxiliary circuits of improved soft
switching techniques for both stages. Also, Section [4. ]
includes the details of designed EMI filters for DC-DC
buck converter. Simulation results are shown in Sec-

tion [5. ] Finally, in Section [6. | the conclusion is

drawn.
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Fig. 1: The topology of proposed AC-DC converter.

2. Small Signal Modelling and

Controller Design

In this section, firstly passive components of both AC-
DC boost and DC-DC buck converters are designed
based on the requirements of the presented applica-
tion. Then, small signal models of both converters are
extracted to design proper controllers.

2.1. Design of Passive Components

1) Six-Switch AC-DC Boost Converter

To obtain optimal value of boost inductor and DC-link
capacitor, single-input-single-output (SISO) model of
six-switch AC-DC boost converter by separating the d-
axis and the g-axis dynamics is used [II]. Being non-
minimum phase as an inherent feature in mentioned
converter is revealed by a simple right-half-plane zero
(RHPZ) in the small signal control-to-output trans-
fer function @z (s)/d(s). The desirable performance
of converter is largely affected by RHPZ which com-
pletely depends on the boost inductor value. Since the
location of the RHPZ is closest to imaginary axis in the
complex s-plane under the worst operating conditions,
the main aim is to design boost inductor to achieve
favorable performance. On the other hand, the value
of DC-link capacitor depends on the value of the boost
inductor. High values of boost inductors results in low
values of DC-link capacitors. Thus, there is a tradeoff
between selection of boost inductor and DC-link capac-
itors. Figure[2]is used to gain control-to-output trans-
fer function by SISO model. The differential equations
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Fig. 2: A six-switch AC-DC boost converter.

of the system in the synchronous rotating d-q frame
are as follows:

d&i

Lﬁ + Rriqg — Lwig = eq — vq, (1)
di, . .

LE + Rpiq — Lwig = eq — vg. (2)
dvge 3

C ;’j = " (uaia + ugiq) — iac, (3)

where e4 and e, are source voltages and 4 and 74 repre-
sent the input currents in d—q frame. Also, the control
inputs vg and v, are related to the dg4. by Eq. .

_ UqUdc
uE T
(4)
UgUVq
_ _gq”ac
Vg = B 5

where u4 and u4 are switching functions. Decoupling of

iq and i4 in Eq. (1) and Eq. is achieved by defining
vg and vq as Eq. (5)).

=]
Vg (5)
]

C
Uar—5= | { Lwig }
Applying decoupling control variables, differential

Vd1 + Vd2
Vg1l + Vg2

Udc - — 1
Ug1 Lwiqg

2

Eq. , Eq. and Eq. are convertd to Eq. @,
Eq. (7) and Eq. (§).
ds . U2 Vde
LdfthrRle:ed*Udz:ed*%- (6)
diq . Ug2Vdc 7
LE—FRqu:eq—'I}qQ:—T. ( )

dvge . 3 . .
C'Udc% + Vclde = §(Ud22d + vg2iq) =

= ZudZUdcid-
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In normal conditions, the term v42%, can be ignored,
due to zero value of i, created by control system. By
substituting ug, =1 —d = D, — J: eq = Eq+ €y, idq =
qu—&-qu,vdc = Vie + Tge,ve = Vo+ G, and D' =1—D
in Eq. @ and Eq. , small signal and dc models can
be written as Eq. (9), Eq. , Eq. , Eq. and
Eq. .

d[;i o N (Dlﬁdc - Udcdj
4l _ gy - D Ve = vaed) 9
1 + Rply = €y 5 ( )
d'l?p UEC 3 = -
=< =-Dly— I,d. 10
1 + R 4 d—1d (10)
d
Ude = Ve + Rccﬁ (11)
dc
ZD’Ed
Ve = m (12)
Rge 8
Eq
fa= (13)

——
R + ngchz

Therefore, small signal model of Fig. [2]in d-axis frame
is shown in Fig. [3

—

3/2 L 3/2 RL3/4 Racd(t) 3/4 B (t)
|4 -
L |t V(t)
%é OVC(tT— SRac
3/4 1,d(t)
3/4 D:1

Fig. 3: Small signal model of Fig. [2|in d-axis frame.

Equation and Eq. 7 express the relation
between Vy. and I; with steady state duty cycle

D,Rp,R4. and E4. Using Eq. , the minimum
and maximum amount of output voltage is provided
R
by Dpin = 0 and Dipge = 1 — 3}%, respectively.
dc
Therefore, the boundaries of V;. can be defined by

Eq. .

(14)
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The output-to-control transfer function Udc_.(s) is cal-
culated based on Fig. [J| as following. °
Uge(s) 14 Nis 4 Nys?
ds) P91+ Mys + Mys?’
N (D'VgeR.C — 2LI4 — 2R R.14C)
' D'Vge — 2R 1, ’
v — CBRL(Re + Rac) + 3D?Ry.R.) + 8L
b SRy +3D2Ry, ’
(15)
—2LCR.1,
Ny = 50—,
D'V — 2RI,
_ 8LC(R. + Ry.)

27 8R. +3D2Ry.’

o 6R4.F4(3D2Ry. — 8Ry)
PC ™ T (8RL + 3D"2Ry,)?

To calculate boost inductor value, suppose that the
voltage drop across the inductor at full load is x %
of the source voltage F,;, and then using Eq. the
value of L is obtained.

2 2 - v
( RL+(LLU> )]d_]_OOEd:
(VR +(Iw)) | _ =
100’

3
RL + ngCDI2

T 3 2
i ReD?)) — R?
L \/<100 <RL - 8Rd¢ )) i

2n f

In Eq. , to have real values for L, the term un-
der radical must be positive. Thus, voltage drop on
the boost inductor has a minimum value presented in

Eq. .
100R,

R+ ngcDIZ

(17)

Also, the value of D" in Eq. can be acquired by
quadratic Eq. obtained from Eq. .

7 ’ 8
(RacViae)D* = (2EqRae) D' + 5 RiVae = 0. (18)
To solve Eq. , the constraint A > 0 must be

satisfied. Consequently, the value of boost inductor
resistance has a maximum value given in Eq. .

2
R, < 3Eifa

1
%A (19)
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To dictate desirable performance to the proposed
converter, the capacity od DC-link capacitor is se-
lected such that corner frequency (f,) of complex
poles in the transfer function ’Ud_’ci(S)

d(s)
mately three of four times less than the frequency of
RHPZ. The complex poles of Eq. which are as

1+ <2€> s+ (12>
wo Wy

and damping factor £ written by Eq. and Eq. .

to be approxi-

s? = 0, have corner frequency f,

1 [8R +3D2Ry.
fr= | o L2 Hde (20)
21 \| 8LC(R. + Rae)
¢ C(8RL(R. + Rae) + 3D R4.R.) + 8L (21)
2¢/(8LC(R. + Rac))(8RL + 3D?Ry.)
Therefore, Eq. gives the value of C.
'2
S8Ry, +3D"2Ry. (22)

~ SL(Re+ Rao) (27 f,)?

In this paper, the reference output voltage for six-
switch AC-DC boost converter is considered Vg, =
650 V. Therefore, for Rge = 4 2 and E; = 311.1 V,
the maximum permissible value of boost inductor resis-
tance is Ry, < 0.343 Q. Suppose that Ry, = 0.1 §2, then
Doz = 0.74 or D;m-n = 0.26. Also, using Eq. , D’
can be found as (2600)D'? - (2488.8)D +173.33 = 0 =
D =0.88.

Consequently using Eq. , the minimum accept-
able value of x would be 8 %. Finally, consider-
ing v = 12 %, the designed value of boost induc-
tor by Eq. is L = 350 uH. With this inductor
value, the frequency of RHPZ is 485 Hz. Considering
fp = frupPz/3 and Rc = 0.1, the selected value for C'
would be 860 pF.

2) DC-DC Buck Converter

Evaluating DC-DC buck converter circuit in Fig. [d]dur-
ing time intervals 0 < ¢t < DT (position 1, switch on)
and DT < t < T (position 2, switch off), the maximum
peak-to-peak ripple current of inductor L is as follows
[12):

UO(l - Dmin)

FL )

AZ'Lma;z =

where T is switching period, D is duty cycle, fg =
100 kHz is switching frequency and Vo = 400 V is
converter output voltage.

The minimum inductance required to maintain the
continuous conduction mode operation for the duty cy-
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Fig. 4: Equivalent circuit of PWM DC-DC buck converter.

cle with the range of [Dynin, Dmaz] is given by Eq. .

(1 = Dpy;
Lmin _ RO’rrLaJ,( mzn) ) (24)
2fs

where Rgmae corresponds to the lowest level of con-
verter load which is considered to be 1.5 kW. The peak-
to-peak ripple voltage is independent of the voltage
across C' and will be determined only by the ripple volt-
age across the equivalent series resistance if Eq. is
satisfied.

ma'X(Dmaxa 1- szn)
Conin = . 25
2fsre ( )
er - TcAiL’maw- (26)

Usually, V. is allowed to be 1 % of output voltage. In
the proposed topology, the input and output voltage of
the buck converter is set to be 650 V and 400 V, respec-
tively. Therefore, considering 100 V input voltage rip-
ple and 90 % efficiency, minimum and maximum value

\% 400
of duty cycle is as: Din = an:mZ = 09.750 —
Vo 400
0.592, Dpoe = = = 0.807 =
’ NVgmin 0.9 - 550
0.01 -V,
Aipmas = 6.5 A = Temas = ————= = 0.615.
AZLmaz

Suppose, .= 0.1 Q, finally, the obtained minimum
values for inductor and capacitor of buck converter are
217.6 pH and 40.35 pF. In this paper, selected passive
components for DC-DC buck converter are 250 pH and
100 uF.

2.2. Small Signal Modelling

1) Six-Switch AC-DC Boost Converter

The first step to design a proper controller for AC-
DC converters is the extraction of differential equa-
tions in the d-q frame to form converter’s average
model. Then, small signal analysing should be fulfilled
to obtain converter’s small signal model. Next, vari-
ous transfer functions should be calculated using small
signal model. The control method used in this paper
is based on the reference [6]. Figure [5| shows standard
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control scheme of the converter in d-q frame. There-
fore, Eq. , Eq. and Eq. which represent
the average model of a six-switch AC-DC boost con-
verter based on line-to-line quantities are used to small
signal modelling.

Ve + Hv(s) - Voltage
= Compensator

Fig. 5: Standard control scheme of six-switch boost converter
in d-q frame.

(27)
1 1
3—LVd ?Tdelvdc
di vae \ . Rr.
dv, 3 . . 1
4 20 (daria + dgiiq) — o bde: (29)

where 44, 74 are line-to-line currents, dq;, dg1 are duty
cycles in d-q frame, Vj is input line-to-line voltage in
d-axis and V,.; is desired output voltage. In these
equations, cross-coupling between ¢4 and ¢, currents is

3L
reduced by term (1 e >, when two terms —
ref ref
and — d are added to duty cycles dgi, dg1. In a

ref
similar way, by substituting 74, = quJrqu, dg1 = Dag1+
CZ’dlv dql = Dql +d_:117Udc = Vref +17dc and ig. = Idc"f'l?dc
in Eq. , Eq. and Eq., small signal and dc
models are written by Eq. (30), Eq. , Eq. ,
Eq. and Eq. .

—

di -
3L=2 + 3Rl =

—3Lwl,
dt

q -
s Dd1> Vdc—
Vref (30)
*d_:ilvrefW

3Lwl,
Vtref

d, .
3L=2 + 3R l, = (

dt _Dq1> 6dc_

(31)
*J‘ql V;“ef~

dv.

Cdt

= 1.5(dg1 Iy + Darig + dp I + Dorly)—
(32)
_ Ve

Rdc .
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Vd — BRLId _SRLLI
" v, Do Vs (33)
Vg — ’U?j —8Rp1gcVies — 36R%I‘§ (34)

I, =

6R,

After small signal modelling, in this control method

7 S
two main transfer functions = a(s) an _,Udc(s)

lg.ref(s) lares(s)
should be acquired. According to Fig.[5| the first trans-

fer function is used to design a PI controller for power
factor correction. The designed gains for PI controller
are K p=40 and K;=1-10°. The second transfer func-
tion is obtained to design voltage compensator. Equa-
tion and Eq. represents the main transfer

functions.

Figure [0] illustrates the control diagram used to de-
sign current and voltage compensators. The control
gains are determined in a way that control loops in
Fig. [6] present stable performance with adequate phase
and gain margins.

Converter + Pl Compensator

—

lyrer(S) Gi iy(s)

E IS =

|q’ref(s) ( ) |d(s)
(a)

v Pl Compensator Converter .

VaceflS) ig,rer(S) Vyc(s)

Hy(s)

G,(s)

(b)

Fig. 6: Control diagram of (a) current and (b) voltage loops for
a six-switch AC-DC boost converter.

In this paper, a three-pole one-zero compensator
(Hy (s)) is used to regulate output voltage.

The gain Ky should be sufficiently large to have
proper phase margin. On the other hand, to have fast
transient response, Zy is determined based on Eq. .

Zy <

ZRHP- (38)

R

Also, pole Py is relatively placed close to Zry p after
the crossover frequency, which leads to proper damp-
ing and gain margin in control system. In addition,
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K
1+ 1'35
LR Ky Viey 3L (35)
Kivvref Ki‘/ref

G,(s) =

Uae(s) _ 1.5(RacKiH + (RaeX + RyCEKiH)s + (R,CX — 3RqK,L)s> — (3R,CK,L)s%)

a l_;i,ref(s)

Ki‘/ref + (KiVTethC + Q)S + (3L + QRtC)S2 + (3LCRt)83 ’

(36)

H = Da\Vyes — 3R, X = K,H — 3K,L,Q = 3Ry, + KpVyes, R = Re + Rae, Ry = R R

pole Po is close to frequency

to compensate
.-

the effect of capacitor equivalent series resistance. All
control gains of designed controller for three different

levels of output power are depicted in Tab. [T}

Tab. 1: Control gains of Hy (s).

Output power K, CZT(Zntrol %jlns 7
1.5 kW 137 | 169.5 | 3030.3 | 11628
50 kW 100 3125 7142.8 11628
100 kW 300 | 3125 | 7142.8 | 11628

2) DC-DC Buck Converter

A typical way to generate small signal model of DC-DC
converters is the state-space description, which writes
the differential equations that describe the converter
[8]. Generally, the state equations of a system can be
written in the compact matrix form of Eq. .

de(t) z Z
& = AZ(t) + Biu(t), )

J(t) = CZ(t) + Ei(t).

Considering Fig. as our system, Z(t) is a vector con-
taining [i(t),vc(t)], @(t) contains [Vy(t), Vp| and ¥(t)
includes [i4(t),vo(t)]. Equation is written with
index “1” when switch is on, and with index “2” when
switch is off. Afterward, Eq. and Eq. repre-
sent small signal model of the system.

Kdi(tt) = AZ(t) + Bu(t) + (A1 — A2) X+
(40)
+(B1 — By)U)d(t),
y(t) = CZ(t) + Eu(t) + ((C1 — Co) X+
(41)

-

+(E1 — E2)U)d(t),
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where A = DA, + D'Ay,B = DBy + D'By,C =
DCy + D/C%E = DFE; + D/Eg. In these equations,
D is steady state duty cycle and D' =1—-D. The
value of state vector and output variables in steady
state are as follows:

X = —A"'BU,
(42)
Y = (—~CA-'B + E)U.

The small signal circuits of analyzed DC-DC buck
converter is shown in Fig. [7]

T (t) 1:D L <Vg+Vo+<IRP-Ron>I)a’(t>
i(t) ~ ¥

RL+DRon+D'RD |

(J—S NO) /ié Velt)

Fig. 7: Small signal model for a non-ideal DC-DC buck con-
verter.

To control the DC-DC buck converter, the main

vde((s)) should be calculated

transfer function Gq(s) =
s

based on Fig. |7, while vy = 0 and i1oad = 0.

Goals) = Ry - Vit + (VitRoCR¢)s
v (Mo) + (My)s + (Mz)s?”

Vit = Vg +Va+ (RD - Ron)-[a

Ml =L + RQCRC + ROU . RLnCa

My = Rou - LC, (43)
My = Ro+ Rpn,
Rouy = Ro + Rc,
Rpn = Ry + D' Rp + DR,,,.
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Then, using control diagram of Fig. [8] compensator
G¢(s) is designed in a way that output voltage is regu-
lated with wide bandwidth and zero steady state error.

Converter

vd(S

Compensator

Vref=g% GC(S) d(s)

Fig. 8: Control diagram of a DC-DC buck converter.

v0(5)

Therefore, the best option for compensator seems to
be a PID controller presented by Eq. .

(HW;)(H;)_
() )

For above compensator designed parameters are:
Geo = 0.3, wr = 1695, wz = 8333.3, wp1 = 117647
and wpo = 3.45 - 10,

GC<S> = GCO

(44)

3.  Soft-Switching Techniques

As in high power converters hard-switching techniques
produce high switching losses and intense conductive
EMI, soft-switching techniques draw more attention in
this regard. It is well known that in high power con-
verters where power switches are IGBTs, ZCT tech-
niques are attractive. Thus, in this section two differ-
ent improved ZCT (IZCT) techniques are presented for
both stages of proposed topology.

3.1. IZCT Technique for Six-Switch

AC-DC Boost Converter

Figure[9shows one leg of IZCT circuit implemented for
phase a. It includes two main switches (S; and Ss), two
auxiliary switches (S;; and Ss;) and one LC resonant
tank (L, and C.). In this circuit, not only each phase
leg has an independent soft switching, but also voltage
stresses across all devices are preserved to the level of
DC-link voltage [9].

Fig. 9: IZCT circuit for phase a leg.

In Fig.[9] the relationship between main switches and
corresponding auxiliary switches is diagonal. It means
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S1z is turned on and turned off when S; is going to
be turned on. Also, Si, has another similar operation
when S; is turned off. The gating method of both main
and auxiliary switches is clearly depicted in Fig. [I0]

S; S;

S1x

SZx

[ 1

Fig. 10: Gating method in IZCT technique for six-switch AC-
DC boost converter.

In order to design LC resonant tank using Eq. (45),
three steps should be performed to obtain the values
of Ty and Zj.

; _ %
xr 271_ )
(45)
C. = LxTO
zg

First, normalization factors such as maximum DC-
link voltage (Vi) and maximum phase current (I,,,,)

are determined and normalized quantities are written
I V.
as: Ity = —= Vien = —2 Zon = Zo—=" where
. ILm . Vdem VYdem .
Iy, is phase current, V. is voltage of DC-link and Zj is

resonant tank impedance. Second, in order to achieve
soft switching operation, parameter k. should satisfy

Eq. .

Vdcn 2
— — | =—— 1>1.
\/ (ZOn ]Ln> =

The value of Zy and ks is determined by Eq. (46).
In the third step, parameter Ty is determined by

Eq. .

7TTOff

cosl( 1 )
kogs

where T,¢¢ is device dependent and it should be more
than main IGBT current fall time (i.e. 0.8 ps). After-
ward, the pulse width of auxiliary switches in on/off
operation can be set by Eq. , where kofr is equal
to kopp when Vgep,=1 and Ip,=1.

To
— (1
(1

To= (47)

Koy

PW., = Ir, ).
hofrm )

(48)
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In this paper, the value of maximum DC-link voltage
and line current are Vy.,, = 650 V and I, = 240 A.
Then, by designing resonant tank in this load level,

Z,
we can write Ij,, = 1, Vi, = 1, Zpn, = 2—0. On the
other hand, from Eq. the maximum value of Zon
is 0.833. Suppose Zy, = 0.6, thus, other parameters
can be found as following: Zy = 2.7 - Zy, = 1.62 Q =
kopf =152=Ty =295 us = L, =0.76 pH = C, =
0.29 uF, PWg, = 2.2 ps.

3.2. IZCT Technique for DC-DC

Buck Converter

The scheme of IZCT for a DC-DC buck converter is
shown in Fig. This method includes an active
snubber cell that is specifically suitable for IGBT-based
PWM converters at high power and high frequency lev-
els [10].

Active snubber Cell

Load

Fig. 11: DC-DC buck converter with IZCT technique.

The converter with active snubber cell can success-
fully operate under different load levels. To design a
suitable resonant tank (L, and C..), the following steps
for maximum load current are considered. First, reso-
nant inductor and capacitor are chosen to let the reso-
nant current peak (Irar) be twice the maximum load
current; therefore, Eq. should be satisfied.

Cr

Irym =V . (49)

= 2IOrnaw .

In the second step, L,. and C,. are selected such that
the one half resonant cycle tg to be equal to twice the
fall time of the main IGBT. Thus, Eq. is met.

t
s = F\/LTCT = Qtf’sy

5 (50)

After designing resonant tank of active snubber cell,
auxiliary switch is gated by a signal with the width
equal to inverse of main switch pulse. But, according
to Fig. it should be delayed by Tp.

Mathematical analysis of the converter -circuit
demonstrated in Fig. shows that the value of Tp
is about a quarter resonant cycle.

t
Tp = =t = SVLC.

: (51)
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Fig. 12: Gating method in IZCT technique for DC-DC buck

converter.

As in this paper the maximum value of output power
is 100 kW, consequently the Value of Tomaz is equal
to 250 A. Therefore, usmg Eq. we can write

C, Cr 2 250

— = 2] max =
Vs I 1o = 650 0.77 =

C, =0.6-L,. Also, the second equation to find suit-
able values for swe components in active snubber
b

2t ¢
cell using Eq. is: vL,.C, = 2551 L.C, =
T
2.4 2
2:400ms) " _ 6.48 - 1074, Therefore, the value of
T

resonant tank inductor and capacitor and the time de-
lay required for control of auxiliary switch are: L, =
330 nH, C, = 200 nF,Tp = 0.4 ps.

4. EMI Filters for DC-DC
Buck Converters

It is always essential to provide EMI filters at the input
and output of switching converters. Input EMI filters
not only attenuate the switching noises but also protect
converter and its load from input voltage disturbances
[8]. Also, output EMI filters are provided to attenuate
high-frequency DC voltage ripples at load side.

4.1. Input EMI Filter Design

By attenuating high-frequency input currents, input
EMI filter in a DC-DC converter can limit the varia-
tion of input impedance; consequently, it can provide
us with the opportunity to connect a DC-DC buck con-
verter at load side of an AC-DC converter. Due to the
wide variation of DC-DC converters’ input impedance,
without input EMI filters an instability in the control
system can occur by the connection of DC-DC con-
verters in series with AC-DC one. Although by adding
EMI filters the former problem can be solved, a new
problem appears; the input filters change the dynamic
of the converters and it leads to instability of the con-
trol system again [8]. Considering Fig. [13| when input
filter is added, the new transfer function of converter
(Gya(s)) is calculated by Eq. and Eq. (53).

Gua(s) = (Gya(s)|z0(s) = 0) - correction factor, (52)
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The term G,q(s)|.0(s) = 0 is the original control-

correction factor = (53)

Vs i) EMI Filter |7 (s) z,(s)| Converter Vo
iE
Controller

Fig. 13: Adding an input EMI filter to a converter.

to-output transfer function, Zp(s) is the output
impedance of the filter, Zy(s) is the converter input
impedance Z;(s) under normal operation of feedback
controller which means 7o (s)=0, and Zp(s) is equal
to Zi(s) when d(s)=0. Therefore, input EMI filter is
designed in a way that the value of correction factor to
be approximately unity. To reach this aim, two follow-
ing inequalities should be satisfied.

1Zo ()l < [[Za(s)ll; [ Zo()ll < [[Zn ()] (54)

The topology of the used filter in this paper is pre-
sented in Fig. The standard values of Ry and C},
are 1 2 and 4700 uF. These values completely satisfy
above constraints.

c I

Fig. 14: The topology of input EMI filter.

For proposed topology, the inequalities Eq. can
be rewritten as general form of Eq. . On the other
hand, since Zp has the highest value in its corner fre-
quency and Z; has the least value in the corner fre-
quency of Zp, the constraint Eq. may be insuffi-
cient; therefore, to have the correction factors close to
unity, constraint Eq. should be also met.

Ly
oL <1z (55)
VLiCy — 4
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The bode diagram of input impedances of de-
signed DC-DC buck converter is drawn in Fig.
The minimum value for Z; is 2.8 € or 8.91 dB at
wo=5320 rad-s~!. Therefore using inequality Eq. (55),
we can write Ly < 7.84-Cy. In addition, from inequal-
ity Eq. following expression can be concluded.
L;Cy > 14300- 10712, Therefore, to design input EMI
filter different values can be considered to satisfy above
constraints. In this paper, C'y=470 pF and L ;=330 pH
are selected.

—1IN

l=—=eZD

30l Z0:Cf=470uf-Lf=330uH

h +——+Z0:Cf=470uf-Lf=150ul .’.—’
o—270:Cf=600uf-Lf=330uH

["| = — Zo:Cf=600uF-Lf=600uH

Bode Diagram

Magnitude (dB)

Frequency (rad/sec)

Fig. 15: Bode diagram of Z; and different input EMI filters.

4.2.  Output EMI Filter Design

In order to reduce high-frequency voltage ripples in
output side, the use of one-stage low-pass LC filters
of Fig. is recommended [I3]. The corner frequency
of this filter should be significantly lower than the con-
verter switching frequency. Usually, the Eq. is
regarded in the design of output EMI filters.

1

= (1% —10%) fo= ——.
N N T

(57)

In this paper, the corner frequency of filter is arbi-
trarily set 3 % of the switching frequency. Thus, as a
typical solution, the value of capacitor C, is equal to
56 uF for an available inductor 50 puH.

| bc-bc | Lfp [:] *
VI converter |, Cfo - E H VO
i (fs) -

Output Filter

Fig. 16: The connection of a low-pass filter to a DC-DC con-
verter.
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5. Simulation

In this section, different waveforms of simulated topol-
ogy of Fig. [l]in PSCAD V4.2.1, with passive compo-
nents designed in previous sections are presented. To
show the accuracy of the designed resonant tank for
boost converter and its control, Fig. [I7]is presented for
phase a. For negative values of input current, switch
S1 and for positive one switch S; is switched under

200 —1IS1x (A)
100 - Six
—Isa (A)
0
400 :Isiix @
—Isa (A) /\
- \ \ / / l \ \
0

T
0.0620958 0.0621030

Time (Sec.)
zero current. Also, voltage and current of resonant (a)
tank which show the resonance operation of designed
circuit at turn on and turn off times of main switches
are shown for both direction of input current. o o™ /N\
- , N —=o Jf \
Another characteristic of presented improved ZCT 0
technique is to switch auxiliary switches Sy, and Sy,  -200
under zero current. Figure[I§clearly shows the current
and gate signal of auxiliary switches beside correspond- 0
. . -50 —IS4x (A)
ing input current. = Six
-100 —Isa (A)
-150:
0.069390 0.069440
o /\ Time (Sec.)
400 [\ —IS1(A)
200 ] \ st (b)
Fig. 18: Waveforms of IZCT technique in boost converter; aux-
iliary switches current over one switching time period,
1000 N\ — I (A) a) isa > 0, b) isa < 0.
00 / \ —Isa (A)
— Vxa (Volt)
Py N\ ol N\ —H®
V4 \\/ \ / \ —SG
500 400 —1d1 (A)
0.069466 0.069472 0.069479 0.069486 . \ N
Time (Sec.) 0 \/\\
(a)
w0 /A\ ) —I2(A) o
—IS4(A) [

—s4 I

9
=3

=) S
—

I

0%&/

N\
\ e

-500 —Isa(A)
—Ixa (A) \ /
-1000 —Vxa (Volt) \\V4
0.065742 0.065747 0.065752 0.065758
Time (Sec.)
(b)

Fig. 17: Waveforms of IZCT technique in boost converter, volt-
age and current of resonant tank with main switches
current over one switching time period, a) isa < 0, b)
isa > 0.

The features of utilized IZCT technique for buck
stage in the proposed converter are shown in Fig.
According to Fig. switch S is perfectly turned
off under zero current and is turned on with near zero
current. Also, S5 is turned off under zero voltage and is
turned on under near zero current. In addition, from
Fig. diode DF is turned on and off under zero
voltage.
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NEVA
.

1
0.0640500

— Saux - N
—I1d2 (A)
Vs2 (Volt) /}

0.06405684

0.06405321

Time (Sec.)
(a)
120
—IDF
l —VDF
1000 \ I \
2 800!
= — | \
a
;l 600
. \ I \
2
= 400
g \— \—
>
o J |
0.06527364 0.06528111 0.06528859
Time (Sec.)
(b)

Fig. 19: Waveforms of IZCT technique in buck converter a)
main and auxiliary switches’ current, b) voltage and
current of fast recovery diode.

It should be mentioned that in this [ZCT technique
the circulating energy is minimal, because one half res-
onance occur during operation of S;.
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Fig. 20: a) DC-link voltage, b) boost converter terminal volt-
ages.

In order to show the performance of the proposed
converter in terms of designed controller, Fig. [20]
Fig. [21] and Fig. 22] are shown. The DC-link voltage
of boost converter with the reference value of 650 V
and also the terminal voltage of six-switch PWM con-
verter are shown in Fig. and Fig. respec-
tively. The output load changes from 100 kW to 50 kW
at 0.2 s and then to 1.5 kW at 0.4 s. As it can be
seen, fast transient response and desirable steady state
error are achieved by suitable controllers which were
designed in previous sections. The control strategy
used in this paper to stabilize the control system of
proposed converter is based on switched control strat-
egy [I4]. Several linear controllers are determined on
different operating points of the converter, and an ex-
tra controller is considered to operate under a special
switching law. This extra controller switches corre-
sponding linear controller based on the specification of
operating point or output load measurement.

The voltage and current at load side are shown in
Fig. 21 under three different load levels. As mentioned
before, the stability of control system is guaranteed
by implementation of switched control strategy. But,
designed buck converter does not need to this strat-
egy. Because, by setting high gain in buck converter
controller it can remain stable against load and input
voltage variations. Figure shows the effect of
output EMI filter on the output voltage by attenuat-
ing high-frequency voltage ripples.
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Fig. 21: a) The voltage and current at load side, b) output
voltage with and without filter.
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Fig. 22: a) Three-phase line currents, b) voltage and current of

phase a.

Figure [22] presents network side features. The sym-
metrical line currents with 0.6 % THD which are re-
ceived from three-phase network is shown in Fig.[22(a)
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This low value of THD is obtained using Eq. by
having proper pattern of space vector modulation and
applying it to the first stage of the proposed converter.

Ifms + Ifms g T Izms n
THD, — \/ @) 3) ™ (58)
Irms(l)

Also, high power factor close to unity can be found
from Fig. because boost controller forces iq to be
zero in any time. It should be noted that, loss calcu-
lations prove that without any IZCT technique, max-
imum efficiency is approximately 91.5 %, while using
IZCT techniques for both converter stages, it increases
to 97.5 %.

6. Conclusion

In this paper, comprehensive planning process of a
PWM AC-DC converter which supplies 100 kW load
under 400 VDC is presented. The proposed converter
which is supplied with a 381 Vrms three-phase network
has two stages, a six switch AC-DC boost converter
and a DC-DC buck converter. To have favourable per-
formance of proposed converter, suitable controllers
should be designed through exact small-signal mod-
elling of both stages. Also, to overcome high switch-
ing losses and high EMI noises in this application due
to the high load level, improved soft-switching tech-
niques are appropriately designed and used. On the
other hand, an input EMI filter is provided for DC-DC
buck converter to attenuate high-frequency currents re-
ceived from boost stage. This filter is an essential cir-
cuit which makes possible the connection of buck stage
to boost one. In addition, since in most applications
an extra filter is designed to damp high-frequency volt-
age ripples, in this paper a proper output EMI filter is
determined at load side of the proposed converter. As
simulation results indicate, soft switching techniques in
conjunction with proper PWM techniques and power
factor correction control loop ensure high-performance
operation of presented converter in terms of efficiency,
power factor and THD.

References

[1] SINGH, B., B. N. SINGH, A. CHANDRA, K. AL-
HADDAD, A. PANDEY and D. P. KOTHARI. A
Review of Three-Phase Improved Power Quality
AC-DC Converters. IEEE Transactions on Indus-
trial Electronics. 2004, vol. 51, iss. 3, pp. 641-660.
ISSN 0278-0046. DOI: 10.1109/T1E.2004.825341.

(© 2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

[2] DAWANDE, M. S. and G. K. DUBEY. Pro-
grammable input power factor correction method
for switch-mode rectifiers. IEEE Transactions on
Power Electronics. 1996, vol. 11, iss. 4, pp. 585—
591. ISSN 0885-8993. DOI: [10.1109/63.506124.

[3] MOHAN, N., M. RASTOGI and R. NAIK. Anal-
ysis of a new power electronics interface with
approximately sinusoidal 3-phase utility currents
and a regulated DC output. IEEE Transactions on
Power Delivery. 1993, vol. 8, iss. 2, pp. 540-546.
ISSN 0885-8977. DOI: 10.1109/61.216857.

[4] WANG, X. and B.-T. OOI. Unity PF current-
source rectifier based on dynamic trilogic PWM.
IEEE Transactions on Power Electronics. 1993,
vol. 8, iss. 3, pp. 288-294. ISSN 0885-8993.
DOI:10.1109/63.233285..

[5] CHOI, S., B. S. LEE and P. N. ENJETI. New
24-pulse diode rectifier systems for utility in-
terface of high-power AC motor drives. IEEE
Transactions on Industry Applications. 1997,
vol. 33, iss. 2, pp. 531-541. ISSN 0093-9994.
DOI: 10.1109/28.568020.

[6] HITIL, S. and D. BOROYEVICH. Control of front-
end three-phase boost rectifier. In: Proceedings
of 1994 IEEE Applied Power FElectronics Con-
ference and FExposition - ASPEC’9 . Orlando:
IEEE, 1994, pp. 927-933. ISBN 0-7803-1456-5.
DOI: 10.1109/APEC.1994.316307.

[7] HITIL, S., D. BOROYEVICH and C. CUADROS.
Small-signal modeling and control of three-phase
PWM converters. In: Proceedings of 1994 IEEFE
Industry Applications Society Annual Meeting.
Denver: TEEE,; 1994, pp. 1143-1150. ISBN 0-7803-
1993-1.DOI: 10.1109/TAS.1994.377572.

[8] ERICKSON, R. W. and D. MAKSIMOVIC.
Fundamentals of Power FElectronics. Second edi-
tion. Boston: Kluwer Academic Publishers, 2004.
ISBN 978-030-6480-485.

[9] SOLERO, L., D. BOROYEVICH, F. C. LEE
and Y. LI. Design of resonant circuit for
zero-current-transition techniques in 100 kW
PEBB applications. In: 2002 IEEE Industry
Applications Conference. Pittsburgh:  IEEE,
2002, pp. 2335-2342. ISBN 0-7803-7420-7.
DOI:|10.1109/1AS.2002.1042772.

BODUR, H. and A. F. BAKAN. An Im-
proved ZCT-PWM DC-DC Converter for
High-Power and Frequency Applications. IFEE
Transactions on Industrial FElectronics. 2004,
vol. 51, iss. 1, pp. 89-95. ISSN 0278-0046.
DOI: |10.1109/TIE.2003.822091.

[10]

428


http://dx.doi.org/10.1109/TIE.2004.825341
http://dx.doi.org/10.1109/63.506124
http://dx.doi.org/10.1109/61.216857
http://dx.doi.org/10.1109/63.233285
http://dx.doi.org/10.1109/28.568020
http://dx.doi.org/10.1109/APEC.1994.316307
http://dx.doi.org/10.1109/IAS.1994.377572
http://dx.doi.org/10.1109/IAS.2002.1042772
http://dx.doi.org/10.1109/TIE.2003.822091

POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 13 | NUMBER: 5 | 2015 | DECEMBER

[11] YIN B, R. ORUGANTI, S. K. PANDA and A. K.
S. BHAT. A Simple Single-Input—Single-Output
(SISO) Model for a Three-Phase PWM Recti-
fier. IEEE Transactions on Power FElectronics.
2009, vol. 24, iss. 3, pp. 620-631. ISSN 0885-8993.
DOI:|10.1109/TPEL.2008.2012529.

[12] KAZIMIERCZUK, M. K. Pulse-width modulated
DC-DC power converters. Second edition. Chech-
ester: John Wiley & Sons Inc., 2015, ISBN 978-
111-9009-542.

[13] DC-DC Converter Applications. Re-
com Power [online]. 2015. Available at:
http://www.recom—-international.com/
pdf/ApplicationNotes.pdfl.

[14] ZHANG, W., Y. HOU, X. LIU and Y.

ZHOU. Switched Control of Three-Phase
Voltage Source PWM Rectifier Under a Wide-
Range Rapidly Varying Active Load. IEEE

Transactions on  Power Electronics. 2012,
vol. 27, iss. 2, pp. 881-890. ISSN 0885-
8993. DOL: 10.1109/TPEL.2010.2095507.

(© 2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

About Authors

Ghasem ESFANDIARI was born in Shiraz, Iran
in 1976. He received his M.Sc. degree in electrical
engineering from Isfahan University of Technology,
Isfahan, Iran, in 2007. He is a Ph.D. student in
Electrical Engineering at Isfahan University of Tech-
nology. His research interest includes soft-switching
techniques in power-factor-correction converters,
electrical machines and drives.

Hadi ARAN was born in Dehdasht, Iran, in
1984. He received his M.Sc. degree in electrical
engineering from Isfahan University of Technology,
Isfahan, Iran, in 2011. His research interest includes
soft-switching techniques in power-factor-correction
converters.

Mohammad EBRAHIMI was born in Isfahan, Iran
in1958. He received his B.Sc. and M.Sc. degrees in
Electrical Engineering from Tehran University in 1984
and 1986, respectively, and received his Ph.D. degree
from Tarbiat Modarres University in 1996. He is an
Associate Professor in the Department of Electrical
Engineering, Isfahan University of Technology, Isfa-
han, Iran. His research interests include control of
electrical drives, fault diagnosis of electric machinery,
efficiency optimization.

429


http://dx.doi.org/10.1109/TPEL.2008.2012529
http://www.recom-international.com/pdf/ApplicationNotes.pdf
http://www.recom-international.com/pdf/ApplicationNotes.pdf
http://dx.doi.org/10.1109/TPEL.2010.2095507

	Introduction
	Small Signal Modelling and Controller Design
	Design of Passive Components
	Six-Switch AC-DC Boost Converter
	DC-DC Buck Converter

	Small Signal Modelling
	Six-Switch AC-DC Boost Converter
	DC-DC Buck Converter


	Soft-Switching Techniques
	IZCT Technique for Six-Switch AC-DC Boost Converter
	IZCT Technique for DC-DC Buck Converter

	EMI Filters for DC-DC Buck Converters
	Input EMI Filter Design
	Output EMI Filter Design

	Simulation
	Conclusion

