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Abstract: In this work, time domain based discrete controlled Pulse Width Modulated Interleaved Boost converter
has been formulated. To achieve the desired closed loop response of the system controller, precise information about
the open loop response is vital. In Industries, discrete controller is preferred than other controller, as it will not
demand analytical model of the system that has to be controlled. The proposed controller is used to improve the
dynamic performance of the Interleaved Boost Converter by achieving a robust output voltage against varying load
disturbances, fluctuations in input voltage and deviations in circuit components. The discrete controller is
implemented experimentally and the observed results substantiate better mapping between the design goals and the
experimentally identified response.

Keywords: Interleaved Boost converter (IBC), Discrete PID controller, Analog to Digital conversion (ADC),
Digital to Analog Conversion (DAC), Digital Pulse Width Modulation (DPWM).

1 Introduction

DC-DC power converters finds its significance in various applications namely PV applications, inverters, battery
chargers and Switched Mode Power Supplies. In high power applications, it is impossible for a single switch (Boost)
to tolerate either voltage or current stress. For larger current rating an Interleaved Boost Converter (IBC) is the
foremost choice to avoid current stress in the main switch to part of the input current is diverted to the other switch.
It has the merit of establishing of high output voltage, high power factor, improved efficiency and fewer harmonic as
mentioned in [1], [2]. The limitations in the soft switching can be tackled by means of interleaved converters [3].
The proposed interleaved boost converter has less input ripple current, reduced 1°R losses with lower rating of the
switch and provides increased system reliabljty.
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Fig. 1. Power stage of interleaved boost converter

The purpose of Discrete Proportional, Integral, and Differential (PID) controller is, to capture a tight voltage
regulation, robustness, fast switching with enhanced transient characteristic in IBC. In the proposed controller,
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important parameters namely settling time, rise time and peak overshoot are initialized at a low value. The controller
output is free from ripple voltage without steady state error.

The proposed controller also does not take much time to respond the output voltage for variations in the reference
voltage.

2. Design of Interleaved Boost Converter

Conventional two phase IBC is shown in Fig.1 The summation of the two in-ductor currents are fed as input current
to the converter, the inductor ripple currents are set out of phase so that they can cancel each other and thereby
minimizing the total input ripple current in the converter. The relationship be-tween the input voltages (V,) the
output voltage (V,) cited in [4] [5] is given as

=1 )

The values of Ly, L, and C of this converter [6] is given by equations (2) and (3)

d
1= I;zk: i )

Where Lj, L, are the magnetizing inductance, C is the output capacitor, d is the duty cycle, | is the output ripple
current, V. is the output ripple voltage. By using the equations 1, 2 and 3, and for the input voltage V, = 12 V,
Switching frequency f = 100 KHz, duty cycle k=60%, the expected output power.

P, =50W, voltage V, =30V, current I, = 1:67 A, inductancelL, = L, = 60 pH, and capacitance value C = 330 uF
have been obtained respectively.

3. Modeling of Interleaved Boost Converter

IBC can be modeled to operate with continuous current mode operation. For modeling of nonlinear Pulse Width
Modulation (PWM) converter state space averaging method has been identified as more appropriate method. The
switching of nonlinear system depends upon the duty ratios. The control signal depends upon the voltage, current
and duty ratio. The state space average method of Interleaved Boost converter at resistive load is given as:

= 41 (4)

Where x refers to the state vector matrix, A is the state coefficient matrix, B is the source coefficient matrix, d is the
duty cycle and it is a function of x and V; in the feedback system. The state coefficient matrix A and B are obtained
from the equations 5 & 6

14 (1-)2 5)
14 (1-)2 (6)

In Continuous Current Mode, by means of pole-zero cancellation method stability problem can be solved. Diode D,
and D, are continuously retained in a complementary state with the switches S; and S, respectively. When S; is
turned ON, Dy is turned OFF and vice versa and S, is turned ON, D, is turned OFF vice versa. It can be operated in
four modes and the state equations are presented below:

Mode 1:S;and S, is turn ON
Mode 2: S; isON and S, is OFF
Mode 3: S; is ON and S, is ON
Mode 4: S; is OFF and S, is ON
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From the above modes of operation, obtained A1, A2, A3, & A4 and B1, B2, B3 & B4 are given in equations 7 and
8
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The transfer function tf (G(s)) [7] of the IBC can be obtained from the equations 7, 8, 9 and the derived form is
given in equation 10.

_ (1.364+10712)2—(4.04+10°)s—5.46+10~" w0
T 341.6832—(1.616 106)+1.222%10~7

4. Analog PID controller design

A PID controller is usually referred as three term controller [8] [9]. The letters Pl and D stands for P - Proportional, |
- Integral, and D - Derivative. The basic form of transfer function for the PID controller is given in equation 11

0= (1+2+) (11)

Where KGp is the Proportional gain, T, is the Integral time constant, T is the Derivative time constant, and C(S) is
the Analog PID controller equation. Steps to design Analog PID controller is mentioned below:

) By using transfer function G(S) and unity feedback function H(S), obtain the characteristic equation
1+G(S)H(S), where G(S) denotes the transfer function of the Interleaved Boost converter and H(S) represents the
unity feedback value.

. Using rouths’ stability criterion, find the range of stability K for the men-tioned characteristic equation.
e Consider the critical gain K, which is equal to the value of K. Obtain the frequency of the sustained
oscillations Pcr by taking S = jo, in the characteristic equation.

) The critical period Pcr is obtained by using the relation, = 2

. Ziegler-Nichols method is adopted for determining the values of the proportional gain Kp, integral time

constant T, and derivative time constant Tp.

The Analog PID controller equation and designed controller transfer function for IBC are given equations 12, 13 and
14

0=06(1+ —+0.1255) (12)
0=0001 (1+ ————+ 536107) (13)
2
() — 116.66“+0.001+466.6 (14)
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5. Design of Discrete Controller

Discrete controllers are more flexible, integratable, reliable, cost effective, and less susceptible to noise and drift and
hence more desirable for all types of power converters [10] [11] [12] [13] [14] [15]. The time domain analog PID
controller transfer function Equation (14) is transformed into the Discrete PID time domain using bilinear
transformation technique. To approximate analog PID controller into Discrete PID controller, bilinear
transformation technique is used and is given as: [4] [8] [16].

0=¢= -[+:5+ 2 (15)

(+ + )2 F(+d
0= [T] E@) (16)

where K is proportional gain constant, K, is integral gain constant and Kp is derivative gain constant. In the

Discrete PID controller, Ky is used to decrease the rise time, Kp to reduce the overshoot and settling time, and K| is

lljéecd todremO\ée the steady state error. Kp = Kp Tp; K, = Kp —T. Ts = 1us. The Discrete PID controller equatlon for
is derived as:

45.5Z% —86.99Z+41.5

u@ = Z(Z-1)

an

6. Simulation results and discussion

The closed loop response of the IBC using the designed value is simulated by Matlab/Simulink software and
demonstrated in Fig. 2. The output voltage of the IBC is evaluated against the desired reference voltage. The output
of the comparator is the error voltage which is corrected by digital time integral com-pensator. The corrected error
signal is again analyzed with the high frequency carrier signal, which produces PWM pulses. The PWM pulse is
given to one MOSFET switch and inverted PWM pulse is given to another MOSFET switch.

The Analog Pl, Analog PID, Discrete Pl controller has also been designed for the above IBC. The values for
controller parameters namely settling time, peak overshoot, rise time, steady state error and output ripple voltage
have been tabulated in Table 1. The Discrete PID controller has been examined against other controllers. It is
obvious from the Table 1 that the Discrete PID controller has better controller specifications than the remaining. It
has less rise time, settling time, peak overshoot and steady state error than other controllers as listed in Table 1.
Steady state error observed with load variations are lesser than 1%, little overshoot and no undershoots are apparent.
From Table 1, the Discrete PID controller parameters are better than Discrete PI, Analog PI, and Analog PID
controllers. Thus the outcome obtained in Discrete PID controller for IBC is concurrence with the mathematical
calculations. Table 1 proves that the digital system outperforms than the Analog controller. Simulation has been
carried out by varying the input voltage & load resistance and the corresponding output voltage, output
current,Inductor current (IL1) are shown in Fig.3 The input voltage is fixed as 10 V, 8 V, 6 V and 8 V during the
time instance 0 s, 0.025 s, 0.05 s, and 0.075s respectively. Similarly the load resistance is also set as 30, 26, 22 and
26 during the time instance 0's, 0.025 s, 0.05 s, and 0.075 s respectively. The corresponding output voltage, output
current and inductor current are plotted in Fig. 3. The reference voltage is fixed to 16 V, and the resultant output
response of IBC illustrates the fixed output voltage regulation. The output response of the controlled converter has
neither undershoots nor overshoots, and the steady state error is evident. The simulation result substantiates that the
varying input voltage and load resistance has not varied the output voltage. The dynamic performance of the
controller has also been verified by varying L1, L2, and C of the IBC, whose consequent output response of the
entire system is revealed in Table 2. The inductance L1 and L2 are varied from 10 pH to 25 pH and the capacitance
is varied from 60 pF to 90 pF. These variable converter parameters have not influenced the output voltage.
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Fig. 2. Matlab/Simulink diagram of Discrete PID based feedback control on IBC
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Fig. 3. Output response of the Discrete PID controlled IBC
Table 1. Evaluation of the various controllers for IBC
Controllers | Settling Time | Peak Overshoot | Rise Time | Steady state error
(ms) (%) (ms) V)
Discrete PID 2 15 1 0.001
Discrete Pl 9 4.3 2 0.07
Analog PID 24 443 12 0.05
Analog Pl 25 4.23 12 0.1
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Table 2. Output response of Discrete PID controlled IBC with the variable converter

parameters

L1 L2 C Reference Voltage | Output Voltage
(H) (H) (F) (Mret ) (Vo)

10 10 76 16 16.003

12 12 80 16 16.005

15 15 90 16 16.002

20 20 60 16 16.001

25 20 65 16 16.002

Table 2 confirms that the Discrete controller is excellent in tracking the reference voltage, when changes occur in
inductance L1, L2 and capacitance C values. The converter controlled output do not have any steady state error,
undershoot, overshoot and it settles down at a faster rate of about 2 ms for all the values. Similarly varying the
nature of load has not affected the output voltage and is depicted in Table 3. It can also be noticed that the Discrete
controlled IBC is capable enough to track the output voltage irrespective of the variations in the load. The given
input voltage is 12 V, the load resistance is varied as 26, 22 and 30, and the output voltage of the converter is 16.001
V, 15.981 V, and 16.003 V respectively with the reference voltage of 16 V. Then the simulation is carried out for the
inductance of 1 mH and 2 mH are added to the resistance of 26 Q, the output voltage is obtained in the order of
16.01 V and 16.02 V respectively with the reference voltage of 16V. The nature of load is changed to RLE, the ideal
voltage source of 2 V and 3 V is added with the RL load of 26€2, 2mH, the response of the Discrete PID controlled
IBC is 16.02 V, and 15.97 V respectively for the reference voltage of 16V. From Table 3 it is clear that the Discrete
PID controller act in response to the load variations to equate the output voltage against the reference voltage.
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Fig. 4. Output voltage obtained for 6 V input, 16 V reference, and 26 load resistance
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Table 3. Output response of Discrete PID controlled IBC against load variations

Load Reference Output
SINo. [R() [L(H) [E(V) [Voltage (V) Voltage (V)
1 26 [ - 16 16.001
2 22 C - 16 15.981
3 30 [ - 16 16.003
4 26 1*10 "] 16 16.01
5 26 P 10~ |2 16 16.02
6 26 P 10 [3 16 15.97

7. Experimental results and discussion

The IBC with Discrete PID controller has been implemented using LabVIEW that acts like a controller platform.
Considering the hardware, a miniaturized prototype of IBC has been designed for 14 W resistive load. Load voltage
was xed at 16 V to have a reasonable value for load current which worked out for 0.9 A and hence load resistance of
18 Q was calculated as per the ohms law. Having fixed all these parameters, the input voltage is set to be 8 V for
interleaved boost converter, as input has to be lower than the output voltage (16 V). The designed practical values
are frequency f, =20 KHz, V=12 V, L1=L2 =12 pH, C = 63 uF, load resistor R = 26€, and used components are
MOSFET S1, S2 is IRF 840, Diode D1, D2 is 1N 4001, Data Acquisition Cable (DAQ) is NI 9221.

Experimental output voltage response is given in Fig. 4. In a Discrete PID controlled IBC, the given input voltage is
6V, the reference voltage is 16 V and the load resistance is 26Q. Input voltage is taken at channel 2 and the output
voltage is taken at channel 3. The output response has 1.2 ms rise time, 2 ms settling time and small amount of
oscillation occurs initially, neither overshoot nor undershoot has been observed. The output voltage is 16.03 V,
hence the steady state error is 0.03 V, which is less than 1 % and hence negligible. Next the given input voltage is
set to 12 V input, reference voltage is 16 V, and the load resistance of 22Q for Discrete PID controlled IBC. The
output response is depicted in Fig.5 Even though the input voltage and load resistance are changed, the output is
always obtained as that of the reference voltage. The output voltage is captured as 16.05 V, rise time and settling
time is observed as 5 ms. The results confirm that there is less than 1% of steady state error (0.05 V), nil undershoot
or overshoot are evident. Hence it can be proved that the experimental results obtained are almost equal to that of
simulation results.

The switching pulses next to output voltage for the reference of 16 V are depicted in Fig. 6 In the experiment, output
voltage is taken at channel 1 and PWM pulses are taken at channel 2. The output voltage obtained is 16.02 V, whose
corresponding duty cycle ratio obtained is 50.0%. Similarly, for the reference of 20 V, the obtained output voltage is
20.04 V and the duty cycle ratio is 60.5 % as shown in Fig. 7 The results prove that the change in reference voltage
proportionally changes in duty cycle to get the output voltage at the same reference level.
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Fig. 5. Output voltage obtained for 12 V input, 16 V reference, and 22Q load resistance
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Fig. 6. Duty cycle obtained for 16 V reference
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Fig. 7. Duty cycle obtained for 20 V reference,

8. Conclusion

This work proposes an approach for the design of time domain based discrete PID controller for Interleaved Boost
Controller and it is implemented using LabVIEW. According to the input error signal, the duty cycle of the switch
can be varied to accomplish an enhanced dynamic response. The implementation includes a Discrete PID Controller,
which is more suitable for high frequency Switched Mode Power Supply. Simulation, experimental outcomes and
comparison with other controllers have been illustrated for the Interleaved Boost converter with discrete PID
controller, 50W/100KHz, 12V to 30V point of load. The response of the system is much faster and it outperforms
well for all the possible values of the duty cycle and tunes perfectly for all sort of variations in the load resistance,
inductance, capacitance and input voltage.
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