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Abstract- The two level interleaved boost converter (IBC) is for low input voltage (battery or photovoltaic or Fuel Cell)
applications. The interleaved multi-channel converter is very popular these days because of its ability to reduce current
ripples. In high power applications, parallel operation of boost converters is recommended. These paralleled boost
converters can be operated in interleaved mode. Interleaved mode of operation improves the steady state and dynamic
performance of the system. In addition, low EMI and low stress in the switches are expected.

The IBC has been designed for low input voltage applications. The IBC has been modelled and analyzed using
state space averaging and small signal analysis technique. Graphic User Interface (GUI) applications have been
developed to save the timing of designing, modelling and analysis of IBC. Here the theory and application of designing
method of the PID controller for interleaved boost converter is discussed. GUI applications have been developed for
various tuning methods of PID controller for IBC.
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I. INTRODUCTION

Fuel cell is one of the promising renewable and sustainable power sources because of its high power density and
very low emission. It can be utilized as a clean power source for various applications such as portable electronic
appliances, transportation and residential building. In order to design a highly efficient fuel cell power system, a suitable
DC-DC converter is required. Among the various topologies of DC-DC converters, interleaved boost converter (IBC) has
been proposed as a suitable interface for fuel cells to convert low voltage high current input into a high voltage low
current output [1]. The advantages of interleaved boost converter compared to the classical boost converter are low input
current ripple, high efficiency, faster transient response, reduced electromagnetic emission and improved reliability [2,3].
IBC performs remarkably in terms of magnetics, input and output current ripple and part count [4]. Interleaved DC boost
converter can be applied to any renewable energy systems and some related applications [5].

This paper presents the design of IBC and also modelling and analysis of IBC with GUI. This paper also
presents the PID control technique with different tuning methods. GUI applications are also developed for the same.
Section 11 presents working principle of IBC. Section 111 describes the design of IBC. Section IV presents modelling and
analysis of two levels IBC. Section V presents closed loop control of IBC with PID controller. Section VI gives the
simulation results of various tuning method and comparison. Finally section V11 concludes the paper.

I TWO PHASE INTERLEAVED BOOST CONVERTER

A two-phase interleaved boost converter is shown in Fig. 1. This converter is used to improve power conversion
capability, and one of its applications is to match the photovoltaic system or low voltage supply to the load. For a step-up
application, an equivalent interleaved boost converter offers several advantages over a conventional boost converter; such
as a lower current ripple on the input and output stages. Therefore, there is the opportunity to minimise the output
capacitor filter that is often quite large in the conventional boost converter. Furthermore, it provides a fast transient
response to load changes and improves power handling capabilities [6]. A higher efficiency may be realized by splitting
the input current into two paths, substantially reducing i°R losses. The topology of the interleaved boost converter
consists of two phases operating at 180 degrees phase difference.

The gating arrangement and the inductor current waveforms of the converter are shown in Fig. 2. Fig.2(a)
represents waveforms when duty ratio d (0 < d <0.5). In this duty ratio any one switch will be conducting at time and
also at specific period of time both inductors discharge. Fig 2(b) represents waveforms when converter is operated with
duty ratio d (0.5 <d <1). In this duty ratio d for specific period of time both the switches are conducting and also current
in inductors rises. With the two level IBC designs, the gating signals gland g2 for switch S1 and S2 are identical but
shifted by 180°. The total input current I;,, which is the sum of the two inductor currents i ; and i, are also shown.
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Fig. 1 Two phase interleaved boost converter
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Fig.2 (a). Typical Waveforms of Inductor Currents (d > 0.5)
I1l. DESIGNING OF IBC
3.1. Design Equations

For designing purpose following equations are required [2,6-9]

Boost ratio:

The boost ratio of the converter is a function of the duty ratio

Vdc 1

Vde 1 (2)
Vin 1-D

Input and Output currents :

lin= m lo= Po 2

Vin VO

Inductor current ripple amplitude:
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Al p = \f/;\r:/?- 3)
Input current ripple amplitude:
at, =YoDXI=2D) 0 s @)
Lfsw
Al =\w for 0.5<d<l %)
Lfsw
Inductor L:
B VSZ ©)
SW L
Resistor R:
R=0 ™
IO
Capacitor C:
__b (8)
RfswAV,
Table 1. Design requirements of IBC
Output Voltage 30V
Input Voltage 12V
Output Voltage ripple 1%
Input Current ripple 5%
Output power 180 Watts
switching frequency 25 kHz.

Table 2. Designed values of IBC as per requirements

Duty ratio (d) 0.6
Output Current 6A
Inductor L1 and L2 128 H

R 5Q
C 480 u F

3.2. GUI Application for Design and analysis of IBC

Fig 4 is the GUI application for designing the IBC. Fig 5 is for the design and analysis purpose of IBC.

Interleaved Boost Converter

— Designed Val

Vin Duty cycle

Vo Inductor L1 & L2

Po Capacitor

Switching Frequency Load Resistance

Output voltage Ripple % Output current

Input current Ripple % g Input current

i Calculate

Fig. 4 GUI for designing IBC
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)] IBC_Design1_GUI = =
—Requirements —78¥ M Input Current—————— — Inductor Current
I IL
vin | 12 | v mo1s A 75 A
Delta-lin | 075 | A Deltall | 226 | p
Vo ERY
lin(max) | 15.375 | A IL(max] | 5625 A
Pa 180 w lin{min] | 14 625 A IL{min) | §.375 A
Switching Frequency 25 KHz
— Output Voltage
Qutput voltage Ripple % 1 % 30
P ge Nipple o b My Values 30
Input current Ripple % 5 9, Delta-Vo 0.3

Vo(max] | 3015

= < < <

Vo(min
Calculate (min] | 29 85

Fig. 5 GUI for analysis of IBC
IV. MODELLING OF IBC

Modelling of IBC is done using state space averaging and small signal modelling technique by considering duty
ratio D > 0.5. State variablesare [I,; 1., Vc[

Here all parasitic values of components are considered
rl-Inductor internal resistance=0.02Q

rs-Switch resistance when ON =0.001Q

rd-Diode resistance when ON=0.001

rc-Capacitor resistance =0.014Q

Mode-1
Switch S1 is closed and S2 is open
(1 +7rs1) 0 0 | L
L1 o 1
XTIc L1
-(rl2+rd2) + i
Al= 0 R+re R Bi=| 1| c1=|o Rxr¢c _R
L2 (R+rc)xL2 L2 R+rc R+rc
0 __R _ -1 0
(R+rc)xC (R+rc)xCJ L
Mode-2
Switch Sland S2 is closed
[ (rl1+rs1) 0 0 (1]
L1 L1
A2=| 0 Z(2+ rs2) 0 B2=| L|c2=lo 0 —R
L2 L2 R+rc
0 -1 0
L (R+rc)xC | L]
Mode-3

Switch Slis open and S2 is closed
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[ Rrc+(R+rc)(rl1 +rd1) 0 R
L1(R +rc) L1x(R +rc)
L2
(R+rc)xC (R+rc)xC
Mode-4
Switch Sland S2 is closed
_(1+rsl) 0 0 1
L1 L1
Ad = 0 - (2 +rs2) 0 Ba=| L |cazlo
L2 L2
0 -1 0
L (R+rc)xC | L]

Averaged state space model over one particular cycle can be written as

X = AX+ BVg

A = (A1+A3) (1-D) + (2D-1) A2

B = (B1+B3) (1-D) + (2D-1)
C = (C1+C3) (1-D) + (2D-1)

Finally, the transfer function

2
G(S) = 4134s“ +5.314

B2
Cc2

of system is
x10% s +5.192x10"3

s +2.393x10% s +2.283x10% s + 2.111x10*®

_i_
L1
L | cgo|Rxre
L2 R+rc
0
o R }
R+rc
©))
(10)
(11)

R
R+rc

Transfer function given in equation 11 is state space averaged model. For controlling purpose we require the
transfer function which is the ratio of change in output voltage with respect to change in duty cycle. This can be obtained
by small signal analysis. The following GUI application of Fig.6 has been created for the small signal modelling and

analysis of IBC.

IBC_Modellingss

Y |

Duty cycle

L
R
Cc
L1 &rL2

Vin

— IBC-Design Values.

Small signal Modelling of IBC

Root Locus

3000 T :
06
6000
128 uH
4000
5 Ohm
2000

480 | uF

=

0.02 Ohm

-2000

Imaginary Axis (seconds")

-4000

-5000

Bode Plot

-3000 ! L
05

Real Axis (secnnds"}

Fig. 6 (a) GUI for modelling and analysis of IBC (root locus)
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Fig 6 (a) shows the root locus of the small signal transfer function. Root locus shows that the system is stable for the
limited range of the gain. If the gain K increases then the system becomes oscillatory and unstable. Fig 6 (b) is the bode
plot where the phase and gain margins are also mentioned. Here using close loop control we have to improve the phase
margin and gain margin of the overall system.

IBC_Madellingss = =

Small signal Modelling of IBC
Bode Diagram
Gm=-29.5 dB (at 2.28e+03 rad/s) , Pm=-564 deg (at 1.3%e+04 rad/s)

— IBC-Design Values. "
5 T T T

Duty cycle | 0.6

L| 128 |uH

Magnitude (dB)

R| 5 |Ohm

C| 480 |uF

rL1&r2 | pop2 | Ohm

Vin 12 |v

Phase (deg)

RootLocus | BodePlot

1l
10° 10° 10t 10° 10°
Freguency (radis)

Fig. 6 (b) GUI for modelling and analysis of IBC (bode plot)

V. CLOSE LOOP CONTROL
5.1. Controller design

To get the accurate output with the required dynamic performance IBC is used in closed loop control using the
PID controller as shown in Fig 7. Here the output of IBC is compared with required voltage (set point) and the error
signal is generated. The generated error signal is applied to PID controller.

The values of Kp, Ki and Kd is obtained from the various tuning method. The output from the PID controller is
fed into the PWM block, where the pulses are generated with variable duty cycle. These generated pulses are used to
control the ON/OFF of the two switches. These variable duty cycle pulses control the output voltage of the IBC.

30 P+ 51 » In1
| PID(s) M Duty ratio Vo b—

Set Volt — - =
Subtract b5 Controller PWM IBC

Fig. 7 Two stage IBC in closed loop PID control (block diagram)

The block diagram created in SIMULINK for generation of PWM is shown in Fig. 8. Here input is duty ratio
and accordingly two PWM signals are generated for controlling two switches. S2 signal is 180° lagging with S1.
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Duty ratio
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Repeating Relational St
Sequence Operator
-
Felational s2
D%( Operator1
Transport
Delay

Fig. 8 Pulse Width Modulation signal generation
5.2. Steady state current waveform

Fig. 10 explicates key waveforms of a 2-phase IBC converter operating in the CCM. Here the inductor currents
iLpand i, are shown in upper waveform for the duty cycle D = 0.6. While the effective input current I;,is shown in lower
waveform. It is clear from the waveform that the ripple current is reduced much by using the interleaved two inductors.

Inductor Currents

AVANWANWAWAWA

| A S AV VS VAV

|
(?05 0.0501 0.0502

Current (A)

Input Currents

Current (A)

AN ANANYANYA

0.05 0.0501 0.0502
Time

Fig. 10 Inductor currents of IBC (D=0.6)

VI. PID TUNING METHODS

Tuning of the PID controller is the vast topic. There are various techniques for the tuning of PID according to
the system type and order. Following GUI has been created for the tuning of PID.

6.1. Ziegler Nichols Instability method.

Put the system in a feedback loop with a proportional controller, whose gain is increased until the closed loop
system becomes unstable. At the verge of instability, note down the gain of the controller (Ku) and the period of
oscillation (Pu). Then the PID settings are as given in Table 3. This is known as the instability method of Ziegler—Nichols
[10].

Table 3 Ziegler-Nichols settings using instability method

Controller Kp Ki Kd
P Ku/2 - -
Pl Ku/2.2 1.2Kp/Tu -
Classical PID 0.6Ku 2Kp/Tu KpTu/8
Pessen Integral rule 0.7Ku 2.5Kp/Tu 0.15KpTu
Modified PID 0.2Ku 2Kp/Tu KpTu/3

Obtained ultimate gain is Ku=0.045, and the sustained oscillation in output with ultimate period Pu=1.7 ms. Fig
11 is the GUI application developed to get the value of various gain of PID controller. Here we have to provide values of
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Ku and Pu and then have to select controller type. We can get the gains and then can be exported directly to the circuit of
IBC for getting the closed loop response.

ZIEGLER-NICHOLS ULTIMATE GAIN TUNNING METHOD

Ultimate Gain and Period—

Ku | 0045

Controller Gain
’7Kp 0.027 | Ki |36.7347 Kd|4.96125

Tu | 0.00147

Classical PID

Export Gains

Fig. 11 GUI application for ZN instability method

Output Voltage
34 T T
7 e . —
30
28 L N —
= i :
@ H H
2 26 B i e S e - SetPoint -
G ; i ——Classical PID
> o4 S R T R T T Pessen Integral PID |
i  ——Some Overshoot
i ——No Overshoot
] R e T S ——— . -
SN S N N A R :
| | | | | | | | | |
0.03 0.032 0.034 0.036 0.038 0.04 0.042 0.044 0.046 0.048 0.05
Time
Fig. 12 Step responses: Ziegler Nichols tuning methods
Table 4 Analysis form Ziegler Nichols tuning method
Controller Peak Overshoot | Rise time | Settling time | ITAE
Classical PID 6.00% 0.58 ms 3.38 ms 3.15E-04
Pessen Integral 4.73% 0.54 ms 1.89 ms 2 31E-04
Some Overshoot 0.07% 1.07 ms 3.35ms 3.90E-04
No Overshoot 0.00% 2.33 ms 5.19 ms 6.20E-04

Figure 12 shows output voltage step response with four different tuning method of Ziegler-Nichols tuning
method. Here the classical PID and Pessen Integral rule tuning methods are more aggressive. They give fast transient
response but also with some overshoot as mentioned in table 4. Other two modified methods are also applied for tuning
and result also shown in same figure. These two methods do not give overshoot with reasonable rise time and settling
time. So whenever the overshoot is not desirable in system then these two modified methods should be used. To show
performance indices of controllers ITAE parameter for each tuning method is also shown in table 4.
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Fig. 13 Output voltage and current of IBC when load increased by 10%.

Figure 13 shows result when load changed from 100 W to 110 W. It is observed that output voltage decreases
slightly as load is increased and then stabilizes to desired value. So all four methods assured the stability of control
system against load and line regulation.

VII. CONCLUSION

The two phase interleaved boost converter is designed, modelled and analysed using state space averaging and
small signal analysis method which gave accurate modelling of IBC. IBC gives less ripple input current compared to
simple boost converter, also due to parallel operation of two inductors give less power loss and more power capability.
Ziegler-Nichols tuning methods with some modified methods give good result in step response and also in load and line
regulation. Inverse process model also gives good result. GUI applications developed in MATLAB are good for design,
modelling, analysis and tuning of IBC.
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