Design and Modelling of 1 kKW, )
200-400 V, Multiphase Boost Converter oo

A. Soubhagya, Ravikiran Rao M, and Suryanarayana K.

1 Introduction

Many high-power applications require boost converters as an integral interface
between the available low voltage sources and the output loads, which operate at
higher voltages. Based on the type of application, either single-phase or multiphase
boost converters are used. In single-phase boost converter for higher power applica-
tions, voltage and current stress on the switch increases, and also, voltage and current
ripples in the output and input side increase leading to huge filter requirement and
increased EMI issues. As a result, losses in the system increase causing poor effi-
ciency and higher cost. This issue can be solved by increasing the number of phases
(multiphase topology), which divides the current according to the number of phases
and reduces the stress on switches and ripples in the input and output parameters.
Silicon switches suffer from drawbacks such as low bandgap energy, switching
frequency limitations and low thermal conductivity. Wide bandgap semiconductors,
such as silicon carbide (SiC) and gallium nitride (GaN), provide larger bandgaps,
higher breakdown electric field and higher thermal conductivity. SiC switches
provide higher blocking voltage, higher junction temperature and higher switching
frequencies while compared to Si switches [1]. Operation of the system at higher
switching frequency reduces the size of passive components required in the converter,
and size of heat sink required will be less because of higher thermal conductivity [2].
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In this paper, a 1 kW, 200—400 V, multiphase boost converter which is quite
suitable to use in electric vehicles, battery charging, motor drivers, PV systems, etc.,
is designed and modelled, and the improved efficiency and reliability of the system
due to SiC switch are also observed. The main focus is on reducing the ripples, losses
and cost of the system. The PWM signals and control algorithms required for the
converter are generated using the microcontroller MC56F84789. It has a full set of
programmable peripherals such as PWM, ADC, DAC and timers [3].

Section 2 presents the design parameters and conditions of the system and also the
reasons to choose multiphase topology. Sections 3 and 4 present state space modelling
and small signal analysis, respectively, and also arrive at the transfer function of the
converter. Controller design conditions and calculation of parameters are shown in
Sect. 5. The simulation and hardware implementation of the system are presented in
Sects. 6 and 7, respectively. Section 8 presents the conclusion about the converter
and results.

2 System Overview

The system under consideration is a 200400 V, 1 kW boost converter. To achieve
the desired goal of highly efficient and reliable system, a boost converter will be
developed using SiC devices which will help in improving the system efficiency.
Desired control signals will be generated using in-house developed control card that
houses NXP make MC56F84789 controller. The signals from controller are fed to
a driver board which houses driver IXDN609SI IC. The input power and necessary
isolated power supply are generated from 100 to 300 V flyback SMPS designed in-
house. The block diagram of the proposed converter is shown in Fig. 1. To achieve
rugged and stable operation of the system, voltage and current at input and output
are continuously monitored using signal conditioning units and Hall effect sensors.
These feedback signals help to achieve complete control of the system and also to
regulate the output to desired value by generating appropriate PWM signals.
Employing multiphase provides advantages that include

1. Thermal performance related to conduction losses of the power supply is propor-
tional to square of current. If multiple phases are used, these losses can be
reduced.

The system will be more compact in size.

Ripple current cancellation

Improved transient response

Optimized efficiency over the load range

Lower output ripple voltage [4].

SAIRNARE o N

The design requirements are as in Table 1.
The calculated values of the components /parameters of the system are shown in
Table 2 [5, 6].
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Fig. 1 Block diagram of the system
Table I Design parameters SLNo | Parameter | Description Value
of the converter
1 Vin Input voltage 200 V
2 Vout Output voltage 400 V
3 P, Output power 1 kW
4 fs Switching frequency 100 kHz
5 n Efficiency (assumed) 95%
6 Al Ripple current (assumed) | 30%

3 State Space Model

An efficient mathematical modelling of the system plays a crucial role in optimal
and accurate design of the controller.
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Table 2 Values of

components/parameters of the

converter
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SI. No. | Parameters Equation Value
*Vin
1 Duty cycle D=1-"1y= 105725
P,
2 Input current Iin = e 5.84 A
3 Average current per | I, = % 292 A
phase
V;xD
4 Inductor per phase L= Alif.\- 555 uH
5 Capacitor ___ YD 10 pF
P C= AVFR}2* [y "
. V2
6 Resistor R; = P—"" 160 @

It is clear that there is a strong need for a fast and accurate model that can tackle
the many difficult design trade-offs and also ensure accuracy at the limits. One such
method is state space modelling.

3.1 Single-Phase Boost Converter

Consider the boost converter circuit shown in Fig. 2 with source voltage v,, source
current i,, capacitor current i., capacitor voltage v, output voltage v, and output

current i,.

Let the state variables be inductor current i; and capacitor
voltage v, and output variables be v, and i, [7-10].
‘When the switch S is in ON condition,

Rearranging Eqgs. 1 and 2,

Fig. 2 Single-phase boost

converter circuit

dip (1)
LT = Vg @))
dvc (1) Ve .
C i =0 2
a TRTD @
iL D lo
fVEfY\ ™ >
Vg() p—

(7]
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dir(t) v,
=-£ 3
dr L )
dv (1) _ Y io @
dr RC C

Arranging the Egs. 3 and 4,

eo ro 0 iL 1/L 0
[@]‘[O—I/RC][J*[ 0 ]”g+[_1/c] ©)

When the switch is in OFF condition,

di (1)
L (th =V, — U (6)
dve(®)  ve . .
dr +E+IQ—IL=0 (7)

Rearranging Eqs. 6 and 7,

Lt(t) — 0 -1/L ir 1/L 0 .
[ I R O (N

The output equations during ON and OFF conditions can be, respectively, written

as
Vo 01 iL
= 9
ig (1 O)Uc ©)

Equations 5 and 8 are in the form

dx (1)
dr

= Ax(t) + Bu(t)
And Eq. 9 in the form

y(t) = Cx(t) + Eu(t)
Therefore, to obtain the final form,

A=Ad+ A1 —4d)
B =Bid+ By(1—d)
C=Cid+Cy(1—4d)
E=Ed+E(1—d
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where d is the duty ratio of the converter.
By substituting the values, the state space equation can be written as

EIR A K

=1 - +Lv+[ i|l'0 (10)
dve () d-a) g 1

This equation is also known as average large signal model.

The output equation remains the same as shown in Eq. (9), since E = 0.

3.2 Multiphase Boost Converter

Consider the multiphase boost converter circuit shown in Fig. 3 with source voltage
V4, SOUTCE current iy, capacitor current i., capacitor voltage v., output voltage v, and
output current i,,. Let the state variables be capacitor voltage v, and inductor currents
of phase 1 and 2, i.e. iz, izo, respectively, and output variables be v, and i, [7-10].
The operation of two-phase boost converter can be divided into four modes.
Consider the state space variables similar to used in single-phase boost converter.

(1) Mode 1
When switch S1 is in ON condition and Mode 12 is in OFF condition,

dig (1)
L =v 11
1 dr g ( )
Since Mode 12 is in OFF position,
dip(1)
Ly——=v 12
2 dr c ( )
dv.(r) v,
i, =0C + — 13
L2 ” R (13)
Fig. 3 Multiphase boost L2 D2
converter circuit >t
iL1 @ o
— S2 —
L1
iL2 b2
Vg C T RTVO
Iig s1 TVC
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dv (1) . iro Ve

= _ 14
dr C RC (4)
(2) Mode 2
‘When both the switches S1 and S2 are in OFF condition,
dip(2)
Li—= = (15)
dizo (1)
Ly— = = (16)
. . dve(®) v
=C — 17
Iy +12 QO + R (17
(3) Mode 3
When switch S1 is in ON condition and S2 is in OFF condition,
dipa (1)
L, & = U, (18)
Since S1 is in OFF condition,
dip(2)
Li—— = (19)
dv.(?) Ve
i1 =C — 20
ir1 ” + R (20)
dv, (¢ ] c
ve(®) 5 21)
dr C R

4) Mode 4

It follows the same procedure as of mode 2 resulting in same set of equations.
Mode 1 can be rearranged and written as

din @ 00 0 iLi 1/L1 0
da®) | =10 0 1/L2 i [+ 0 fug+| O Jio (22)
due(r) 01/C —1/RC || v, 0 1/c

Mode 2 and Mode 4 can be written as

dizy () 00 1/L1 ir 0 0
di® | =100 1/L2 i | +]0 v+ | 0 Jio (23)

Et
L) 00—1/RC | [ v 0 1/C
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Mode 3 can be written as

diny () 0 0 1/L1 ir 0 0
) f =1 0 0 0 iy |+ | /L2 Jvg+| 0 fio (24
due(r) 1/C0—1/RC || v. 0 1/L1

dr

To obtain the complete state space matrix, by referring to Egs. (22), (23), (24).

00 0
Wehave Al=|0 0 1/L2
01/C —1/RC
00 1/L1 00 1/L1
A2=A4=100 1/L2 |, A3=|00 1/L2
00 —-1/RC 00 —-1/RC
1/L1 0 0
Bl = 0 |B2=B4=|0|,B3=]|1/L2
0 0 0

Therefore,
A= Ad + Ardy + Aszds + Ayd,
B = B\d| + Byd, + B3ds + Bsd,

di, dy, ds, dy are duty ratio in mode 1, mode 2, mode 3, mode 4, respectively.

By substituting respective values

dy® 0 0 9 r, i 0
dllazt(t) — 0 0 @ ipn | + % ve + 0 |io (25
duél(t) (l—Cdl) (l—Cd,w) _I/RC Ve 0 I/C

4 Small Signal Model

For single-phase boost converter, at the equilibrium condition,
&0 = 0,d = D,v, = Vi = I, accordingly [10].
Therefore, Eq. (10) becomes

0 ( 0o =2 )IL 1 0
= 42 +Lv,+ | I (26)

(1-D) 1
0 \“F2-1/rRC)V. 0% =

This is in the form of
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AX+BU =0

Small signal model is obtained by substituting in average large signal model, for
every variable a steady state part and a small signal variation about the equilibrium

point,
ie.
d=D+d"
Vo=V, +v)
ve = Vg + g
iy =1, +i)

. A
125 =IL+1L

Since AX + BU = 0 at equilibrium, Eq. 10 can be written as

dig(t) ( 0 7(17274 ) ) I + I.LA

1
4 0 .
ol = W%M ke %+w+6%+@H:Lm+@(m

dr

By simplification,

dig(t) < 0 —(1-D) >l£ VC/L

0
dr = c + + ;i (28)
dv/ a-D) 1 ‘o
AU 2 —1/RC —=

1
7
i v) T (=I)/C 0

Therefore, state equation of small signal model is

A
dif (1) —(1-D) \ jn 1 Ve
déﬁ’(z) = <<1 OD) 7 )lL 0 (1) ‘(/Cﬁ i (29)
Ve a0 A 1L =)t
dr C 1/RC Ve 0 -C C a»
Similarly, for the two-phase boost converter,
dip _ .
l.;llt(t) 0 0 (1L11)]) ir
dip, ) | — 0 0 d=D3) in
a (=D (1-Dy) {5 L2
o 2o s —iyre | Ly
d
7 0 Ve/L1 A
+] & 0 E2 o (30)
01/C 0 ar

We have state space model given by

X =Ax + Bu 31
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y=Cx
Taking Laplace transform of the above equations,

sX(s) = AX(s) + BU(s)

Y(s) =CX(s)
By further simplification,

Y(s) = C(sI — A)~'BU(s)

(32)

(33)

(34)

(35)

Therefore, by substituting corresponding values from Egs. (26) and (30), the
transfer function of output voltage to duty ratio for both single and multiphase can

be obtained as

e Single-phase converter

,(s)  Dve—sIL
dis) L[>+ 3=+ D?]

where D' = 1-D.

e Multiphase converter

D|xv, Dixlp,
A RL,L,| —+— — == s
Uy (s) 12| 7L c

d(s) s3LiL+ (L\L, — D'""RLy)s + RL D"’

where D| = 1-D, and D} = 1—Ds.

S Controller Design

(36)

(37)

To maintain the constant and stable output of the system, closed loop controllers are
employed. Controllers are designed in such a way to regulate the output parameters

based on the changes in input and output conditions (Fig. 4).

Ve, Vo, d are the input voltage, output voltage and duty cycle of the system,
respectively. The feedback of the parameter to be controlled is taken and compared
with the reference value, and this gives error output. The ideal control occurs when

there is zero error, but in practical scenario, it is quite impossible [10].

If K is controller gain,v, is control voltage, then
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Vot x error u=d
— — Controller >

%

Converter

Fig. 4 Block diagram of generic controller

Uc
€C=—
K

For e = 0, either v, = 0 or K = infinity. But v. = 0 will result in broken loop,
i.e. there will be no enclosed negative feedback resulting in no use of controller. So,
to have lesser error value, K should be very high. Therefore, based on K and error
value, different types of controllers such as P, I, PI, PD, PID are designed. For the

multiphase boost converter under consideration (Sect. 2), a PI controller is designed.
The controller can be designed using different methods.

e Tuning the controller directly on the system (hardware or simulation), also known
as Ziegler—Nicholas technique

e By formal approach, i.e. methods such as root locus technique are used to deduce
the controller parameters and then included in hardware or simulation. This
method is mainly used for non-minimum phase system such as boost converter.
Initially, the state space equations and small signal model of the plant are deter-
mined. The root locus of the system is found, and the system is tested for satisfac-
tory step response. Later, the values from these calculations are used to determine
the controller parameters.

Using a PI controller provides better transient response and nearly zero steady state
error. It also has the advantages such as removal of high frequency noise, improved
phase margin and gain margin. Thus, for the proposed multiphase boost converter, a
PI controller is designed using Ziegler—Nicholas technique.

For PI controller,

UCZKP+Ki/€dt

where K, is proportionality scaling factor, and K; is integrator scaling factor. For
tuning the controller,

e Set up the open loop system.
e Introduce limiters across the integrator and v,. This is done so that v, swing can
fall in sync with that of PWM.
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e Keeping the system in open loop, check phase relationship.
Let K; =0 and K, = finite value. Phase relationship is stable if y increases with
increase in Verand decreases with decrease in Vgt

e Now, enable the integration initially with low value by keeping K, = 0. Slowly
increase the value, till the system reaches steady state.

o After the system reaches steady state, calculate the value of K, and K;.

K, =045%K,
K P

i =
u

where K, is ultimate gain, and 7, is oscillation period.

6 Simulation

6.1 Simulation of Open Loop System

The simulation is conducted in MATLAB/Simulink, and the circuit is as shown in
Fig. 5. The system is designed to have an input voltage of 200 V, with duty ratio of
57.25% and switching frequency of 100 kHz.

The input and output DC currents and the phase currents through inductors shown
in Fig. 6, depicts that with two-phase topology shows the ripple at input side is
minimum.

Gating sequence of the system is designed such that Q2 pulses are delayed by an
angle of 180° with respect to Q1 which results in reduction in the input current ripple
(Fig. 7).

Fig. 5 Simulated circuit of multiphase boost converter (open loop)
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Fig. 6 Current waveforms
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Fig. 7 Drain to source voltages of phase 1 and phase 2

From the results of output voltage, it can also be concluded that output ripples are
comparatively less. The output voltage ripple is found to be 1.61% which is in the

limits of 1% (Fig. 8).
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Fig. 8 Input and output voltages

6.2 Simulation of Closed Loop System

For the proposed system, the PI controller is designed using Ziegler—Nicholas tech-
nique in Simulink platform. The values of the components used are as mentioned in
Sect. 2 (Fig. 9).

As mentioned in Sect. 5, initially K is set to zero, and K, is set to 1 and checked
for stability. At K, = 1.3, constant and stable oscillations are obtained as shown in
Fig. 10. For this value of K, K, = 1.3 and 7, = 0.001 s.

The values of K, and K; are obtained to be 0.58 and 700, respectively. Figure 11
represents the output voltage of the system, i.e. 400 V.

7 Hardware Implementation

The system is implemented on PCB for higher switching frequency operation by
doing schematics followed by layout using OrCad tool. This system is used in an in-
house developed electric vehicle for battery charging. The required PWM signals for
the switches are provided by the microcontroller MC56F84789. Inherent features
such as short circuit protection, protection from inrush current and soft start are
implemented. Input to the system can be a DC supply or solar panel. The implemented
multiphase boost converter is shown in Fig. 12.

The existing system has been implemented with hysteresis control. The required
control signals are generated using MC56F84789, and low pass filter of 40 kHz
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Fig. 10 Output voltage with Output Voltage with Pl Controller
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frequency is used for signal conditioning. The output voltage is thus stabilized.
Figures 13 and 15 represent the outputs obtained under hysteresis control.

Multiphase topology of the converter is mainly chosen for the reason of reducing
ripples in input and output side. It is proven that delaying the sequence of gating
pulses by 180° in two-phase converter results in reduction in the input current ripple.
This fact is realized both in simulation and practical mode. Figure 14 shows gating
pulse, inductor currents in two phases and input current.
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Fig. 11 Output voltage with OmPut anltage with PI ICantr?IIer
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Fig. 12 Implemented
multiphase boost converter
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Fig. 13 Converter loaded up to 1 kW with V, =400 V and I, = 2.5A
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Fig. 15 Light load condition with Vi, =200 V; Vg, = 400 V

The efficiency of the converter is high during full load condition, and it is low
during light load condition. The response of the system during these extreme condi-
tions is observed. Figures 13and15 show system response under full load and light
load, respectively.

8 Conclusion

Multiphase boost converter is highly promising for higher current applications with
the advantage of reduced ripple current and reduced hot spots on the printed circuit
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board. The use of multiphase topology for the proposed boost converter has resulted
in the total current getting distributed in different phases and reducing current and
thermal stress on the switches. This topology has also reduced the requirement of
output filter due to reduced current ripple and higher ripple frequency of the converter.

Usage of SiC switch in the boost converter has considerably reduced the size of
the PCB and also usage of heat sinks. The efficiency obtained is high compared to
that of a Si switch.

The results from open loop implementation of the converter match with that of
the simulation. Hysteresis control has resulted in a stable and efficient output. The
designed PI controller for the system has given satisfactory and stable output. Thus,
areliable and stable multiphase boost converter of 1 kW, 200-400 V is designed and
implemented meeting all the desired conditions.
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