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ABSTRACT

Design of a SEPIC-Boost converter using PID feedback control is presented in this paper. The proposed design combines the key
characteristics in SEPIC and Boost topology to increase the static gain in its operation and maintains its simple single switching
technique. Several PID tuning methods are employed to investigate its effect on the converter design. Based on the analysis,
modified Zeigler-Nichols tuning method has shown the best dynamic characteristic for the output. The generated outputs are 48V,
2A with ripple at 289.3mV indicating an extremely well-regulated output suitable for a lot of renewable energy applications. Fast
settling time at 30.2ms without any overshoot and steady-state error is also achieved using this proposed design tuned with
modified Ziegler-Nichols tuning method.
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1. Introduction

With rapid advancement in photovoltaic (PV) technology, many new designs and applications
have been developed which able to convert solar energy to electrical energy as its main source. The
efficiency of the PV module has been greatly improved with efficiency as high as 29.52% has been
reported in its production [1,2]. Nowadays, using renewable energy (RE) to power modern designs
and applications is showing positive trend in its acceptance. This technology provides clean, cheap,
safe and sustainable solution over non-renewable sources such as petroleum, natural gas and coal.
Furthermore, this eco-friendly technology also is vital to combat the global warming issue and to
mitigate the shortage supply of non-renewable sources in the future. Many renewable energy
applications are categorized in low and medium voltage ranges which is between 12V to 150V.
Selection of input supply for RE applications within this range is popular because it leads to low
complexity, low maintenance and cost-efficient design.

Having to step up the input voltage level, many articles related with step up conversion have been
studied to find the best approach in designing a reliable DC-DC converter for renewable energy
applications [3-11]. Generally, the DC-DC converter can be classified into four major families which
are isolated/non-isolated, unidirectional/bidirectional, voltage-fed/current-fed and hard
switched/soft switched. Isolated topology usually used in medium to high wattage applications
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where output level can be easily stepped-up using the transformer. Besides, it also provides electrical
isolation between input and output particularly when high current is introduced in the topology. Non-
isolated topology is used in low wattage applications where all elements are tied with similar ground.
This topology has low complexity and cheaper than isolated topology, but it did not provide isolation
between input and output during fault. Unidirectional converter is used in many applications where
only single direction power flow from the input supply to the absorbing elements is implemented. In
this topology, single-quadrant switches are utilized along with the diodes to allow only one way flow
of the current. To realise the bidirectional power flow, the single-quadrant switches can be replaced
by two-quadrant types which enable current to flow in all directions. Typically, bidirectional topology
is used in storage, regenerative and vehicular system when the fluctuation in output level is expected.
Voltage-fed topology is used for applications with step down characteristic whereas current-fed is
used for applications with step up characteristic. Voltage-fed topology is known by having capacitive
input capacitor at its input stage, while current-fed topology can be easily recognized by the input
inductor at its input stage. Soft-switching topology is mandatory for high efficiency design with low
losses. However, this topology has higher complexity and production cost compared to the traditional
hard switching. Typically, hard switching topology has simple complexity and widely used in low
voltage applications. From these literatures, it is found out that two distinguish topologies that are
economical for RE applications are SEPIC and Boost topology. Some advantages of SEPIC are, it able
to step up or step down its output without polarity reversal, has good static gain and highly efficient
topology. Traditional Boost topology able to step up using minimal components and very popular for
low to medium range applications. Some literatures related with SEPIC, SEPIC-Boost and modified
SEPIC were studied to fulfill the criteria mentioned earlier. In [12], a non-isolated, high static gain
SEPIC-Boost converter is designed which employed voltage multiplier at its output stage. This
multiplication technique has proven to increase the output voltage level and efficiency at 96.3%.
Reported in [13], high static gain converter based on SEPIC is designed using magnetic and non-
magnetic coupling topology. The design presented a high static gain with reduced switch voltage and
efficiency up to 92.2%. A modified high step up non-isolated converter based on SEPIC is also
presented in [14]. The design achieved reduction in input current ripple and low switching voltage
stress with efficiency up to 92.5%. Active clamp circuitry is applied in [15], resulted in low voltage
stresses at the switches and diodes. Because of its soft switching technique, the efficiency of the
design has shown staggering 93.83% and very suitable for high voltage RE applications. In [16], double
Boost-SEPIC converter is presented with capability to use single switching and without extreme duty
cycle for high voltage application.

Regulating the output waveforms is crucial when designing a converter especially when it needs
to handle variations in load or sudden change in input state. The output level needs to be always in
stable state and the regulation control must be performed automatically. Closed-loop feedback
control is one of the widely schemes used for automatic regulation in DC-DC converter design. Many
control techniques have been investigated to compare the approach for closed-loop control [17-20].
Some of the popular techniques are current mode control, voltage mode control, PID (proportional,
integral, and derivative) control, sliding mode control (SMC), model predictive control (MPC), state
space modelling (SSM), fuzzy logic control (FLC) and neural network (NN). Generally, all these control
techniques can be categorised into analogue, digital and intelligent control. Amongst these control
techniques, PID control is widely employed in a lot of applications due to its rich features such as
simple implementation and complexity, faster response time, easy integration with other control
methods and suitable for linear control. Due to these advantages, introducing PID control in a DC-DC
converter design is a good choice for design’s simplicity and cost benefit.
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Based on the consideration to build a design that has these characteristics i.e., non-isolated, step
up, good static gain, automatic regulation and non-inverting output, design of SEPIC-Boost converter
using several PID (proportional, integral, and derivative) feedback controls is proposed in this paper.
This proposed design is based on combination of SEPIC and Boost topology where the key
characteristics of both topologies is combined to produce a highly reliable design. Using solar energy
as the main source, PV module is used as the input supply. The input voltage will be stepped up to a
higher level of output using the proposed SEPIC-Boost converter. High switching frequency is utilized
in the proposed design to increase the design’s efficiency and to lower the inductance value of the
choke. PID feedback control is used to stabilise the generated output at the desired level during its
operation.

2. Design of the Proposed SEPIC-Boost Converter
2.1 DC-DC Converter Design

The block diagram of the proposed SEPIC-Boost converter using PID feedback control is depicted
in Fig. 1. The diagram shows the complete system where the input supply is powered by the solar
source. Next, it will be stepped-up using the proposed converter and finally, the output will be used
by the needed RE applications. One of the most important criteria when designing DC-DC converter
is the feedback control. Feedback control is essential to regulate the output voltage as close as to the
desired system’s requirement. In this design, the input supply is powered by the solar source using
12V PV module. Then, it will be stepped up to 48V by the proposed SEPIC-Boost converter. The
generated output voltage will be compared to the 48V reference voltage for stability and regulation
purpose. By using error amplifier, the error signal will be fed to the PID controller for regulation
correction. The corrected signal will be fed to the PWM generator to produce reliable and steady
pulse waveform to be fed to the gate driver for automatic control of SEPIC-Boost converter’s
operation.

SEPIC-Boost RE Applications
Y G ST Converter (Load)
Gate Driver Error Amplifier

PID Feedback

PWM Generator Control

Fig.1. Block diagram of the proposed design

Figure 2 shows the complete schematic of the proposed design where combination of SEPIC and
Boost topologies can be clearly seen. Two identical chokes, Li and Lsare used to perform the step-up
conversion. Mj is the MOSFET switch which the PWM signal is being fed from the PID controller. Ds
and D, are the two ultra-fast Schottky diodes to perform the unidirectional rectification. Cs is the
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SEPIC buffering capacitor while Co1 and Co2 are the output capacitors for the Boost and SEPIC
converter, respectively. PID feedback control is used to perform the feedback control and will be
explained in detail in section 2.2.

o L + Cs Do
Ls
Ds
Co2
+
- RE
M1 N H Load
| Co1
|<]_
IL al
PWM

Fig. 2. Schematic diagram of the proposed SEPIC-Boost converter

Static gain, M is one of the important parameters in determining the versatility and effectiveness
of a converter. Static gain is the ratio of the output and input voltage. It is also an indicator for the
output behaviour when changes occurred in input during its steady-state operation. Along with static
gain, other important considerations are low switches stress, high efficiency, low ripple and cost
effective. These key considerations can be achieved using this proposed SEPIC-Boost converter using
PID feedback control.

The proposed converter is based on the combination of SEPIC and Boost topologies. Hence, there
are three static gains that can be extracted using Egs. (1) - (3).

The static gain of the proposed SEPIC-Boost converter at RE Load is:

Static gain SB, Msp = % = % .

The static gain of the Boost converter at capacitor Co1 is:

Static gain Boost, My = % = ﬁ (2)
l =

The static gain of the SEPIC converter at capacitor Cs is:

Static gain SEPIC, M = VV— = % (3)

The duty cycle of SEPIC-Boost converter is:

Voz = Vi

Duty cycle, D = "

(4)
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Where Viis the input voltage, D is the duty cycle, Vo2 is the voltage across RE Load, Vo1 is the voltage
across capacitor Co1 and Vs is the voltage across capacitor Cs.

The two identical chokes Lj and Ls inductance value is:

Liand Lsinductance, L; = Ly = AIVLiZW (5)

where Al is the peak-to-peak ripple current and set at 40% of the maximum input current.

The two identical Cs and Co1 capacitance value is:

Io

Capacitor Cs and Co1, Cs = Cpq = o

(6)

where AV, is the peak-to-peak capacitor voltage ripple and is set between 5% to 10%. |, is the total
output current.

The capacitance value at Coy is:

Output capacitor, C,, = W 7

Vo2

where AV, is practically set between 1% to 5%.

2.2 PID Feedback Controls

One of the most widely used closed-loop controls is PID feedback due to its simplicity and
reliability to regulate the output behaviour of a system. It consists of three modes namely
proportional, integral and derivative control. Referring to Fig. 1., the PID controller manipulates the
error signal from the error amplifier to produce a stable PWM signal which will be fed to MOSFETS's
gate. However, with appearances of switching element and high circuit switching, it makes the
determination of PID gains a challenging task. This is due to the switching element that makes the
model linearizes to zero. Thus, it is impossible to determine the PID gains using straight forward
method. Many popular techniques have been researched and developed to overcome this issue.
These techniques can be classified under two categories namely the control scheme and the tuning
method. Some of the popular control schemes are feedback, feedback plus feed-forward, cascade
and cascade plus feed-forward [21]. For tuning method, it can be classified under open loop and
closed-loop method. Some popular methods for PID closed-loop control are Ziegler-Nichols, Modified
Ziegler-Nichols, Tyreus-Luyben and Damped Oscillation method. Whereas for open loop control are
Open Loop Ziegler-Nichols, Cohen-Coon, Fertik, Ciancone-Marline, Internal Mode Control, and
Minimum Error Integral Criteria method [22-24]. Figure 3 shows the chart of the PID tuning methods
commonly used in DC-DC converter design.
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PID Feedback Tuning Method

Open Loop Closed-Loop
A Open Loop : N Modified
Cohen-Coon Ziegler-Nichols Ziegler-Nichols Ziegler-Nichols
v v v
Internal Minimum Damped
Mode Control Errgrritlgtieagral Tyreus-Luyben Oscillation
Ciancone-Marline Fertik

Fig. 3. PID Tuning Methods Chart

In this proposed design, analysis is initially applied using open loop control. Then, some
parameters from the open loop control will be utilized to continue the analysis of the converter’s
performance using closed-loop PID feedback. The selected method for the PID tuning is based on
second method Ziegler-Nichols (ZN) tuning rule. This method is very useful because the proposed
design shows an unknown plant dynamic and some overshoot during its operation [25, 26]. This
method is also known as ultimate gain or continuous cycling tuning method. Other popular methods
derived from ZN are modified Ziegler-Nichols (MZN) and Tyreus-Luyben (TL) tuning method. All of
these methods will be used in analysing the converter’s dynamic performance. Table 1 summarizes
the parameters involved in the tuning of the SEPIC-Boost converter where K, is the ultimate gain and
P is the critical steady-state oscillation period.

Table 1
Gain Estimator Chart
Tuning method Kp Ti To
Ziegler-Nichols (ZN) 0.60 Ky | 0.5P¢ | 0.125P¢r
Modified Ziegler-Nichols (MZN) | 0.33Ku | 0.5P¢ | 0.33Pc
Tyreus-Luyben (TL) 0.45Ky | 2.2P¢ | 0.16Pcr
The relation between the PID gains is shown in Eq. (8):
. 1 1
PID gain, GPID(S) =KP+K];+KDS =KP (1+T_S+TDS) (8)
1

Where Kp is the proportional gain, K, is the integral gain, Kp is the derivative gain, T, is the integral
time, and Tp is the derivative time. Based on the Kp value from Table 1, the integral and derivative
gains can be determined using Egs. (9) and (10).

Integral gain, K; = 1;_1: (9)

Derivative gain, K, = Kp * Tp, (10)
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There are four important characteristics in dynamic response that can be affected by the PID
tuning which are signal overshoot, settling time, rise time and steady-state error. Signal overshoot is
the difference between the highest peak of the targeted signal and the desired level during its
transient condition. Settling time is the time for the targeted signal to converge to its steady state
condition. Rise time is the time for the targeted signal to rise at 90% of its desired level for the first
time and steady-state error is the difference between the targeted signal and the desired level at its
steady state condition. By using PID feedback control, the dynamic response can be altered by
manipulating the inputted PID gains. Optimal value of PID gains can make a system to become fully
regulated, without overshoot and having swift settling time to its steady-state level.

2.3 Design Specifications

The black box parameters for the design is calculated based on Egs (1)-(7). In this design, the input
supply is set at 12V, while the switching frequency of the system is set at 100kHz with duty cycle at
0.6. The desired output is 48V, 2A with static gain, M equals to 4 which categorises it as a standard
static gain converter. Table 2 simplifies the parameter used in the proposed design.

Table 2
Electrical parameters of the proposed converter
Parameter Value Parameter Value
Input voltage, Vi 12.0V Liand Ls inductances | 20.2pH
Output voltage, Vo2 48.0V | Csand Co1 capacitances | 13.3uF
Output current, lo 2.0A Co2 capacitance SuF
Operating frequency, fsw | 100kHz Equivalent Load 24Q

Figure 4 shows the Matlab/Simulink schematic to analyse the proposed converter performance
and its dynamic response using several PID tuning methods.

SEPIC-Boost Converter Using PID Feedback Control

— O

Current Sensor Do
Cs Current Sensor 17
13.3uF = '(\‘,’) Veltage Sensor
..:j\, Current Sensor L
\

(1]
20.2uH

¢ Ls Coz2 == j% RE Load Cutput voltage
20.2uH 50uF

L

13.3uF T
+ +

1

Voltage Gain
PWM Generator n

PID Controller Reference Voltage

*

Fig. 4. Matlab/Simulink schematic diagram
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3. Results and Discussion

The proposed SEPIC-Boost converter can generate higher level of output compared to the
conventional SEPIC and Boost topology when operated under similar duty cycle. This is due to its
architecture that combines both topologies in its entire operation. Table 3 shows the comparison of
the three topologies when different duty cycle is applied to the system. Clearly, when the duty cycle
is set at 0.6, the proposed converter able to produce the desired 48V output voltage whereas it takes
0.8 for SEPIC and more than 0.7 for Boost topology. This reflects lower losses in switching element
and better cost benefit compared to the traditional topologies. Figure 5 shows the comparison graph
of the three converters. Obviously, the proposed SEPIC-Boost converter can produce higher output
level when the duty cycle is increased from 0.5 onwards which makes it a promising solution for
higher wattage RE applications. Based on the graph also, it is proven that this proposed design has
better static gain over SEPIC and Boost topology.

Table 3
Comparison of the converter’s output voltage
Output Voltage (V) Output Voltage versus Duty Cycle
Duty Cycle | Boost | SEPIC | Boost-SEPIC
0.1 133 | 1.3 14.7 o
0.2 150 | 3.0 18.0 T
0.3 171 | 5.1 22.3 $ y
0.4 200 | 8.0 28.0 H
0.5 24.0 | 12,0 36.0 5 500 T i
0.6 30.0 | 18.0 48.0 00 | = .
0.7 200 | 280 68.0 | e
0.8 60.0 | 48.0 108.0 J |
0.9 120.0 | 108.0 |  228.0 o g o

Fig.5. V-D characteristics for converters

The implemented PID tuning method based on Table 1 is applied for the feedback purpose.
Initially, the Kp value is estimated using second method Ziegler-Nichols tuning rule and the final
satisfactory value for the proportional gain is 0.0080 with P period equals 1.143ms. Table 4
summarises the tuning parameters for ZN, MZN and TL tuning methods which is implemented in the
analysis.

Table 4
Tuning parameters for PID feedback
Tuning Method Kp Ti(ms) | To (us) Ki Kp
Ziegler-Nichols (ZN) 0.0080 | 0.572 | 142.9 | 14.0 | 5.60x10°®
Modified Ziegler-Nichols (MZN) | 0.0044 | 0.572 | 377.2 | 7.7 | 1.66x10°®
Tyreus-Luyben (TL) 0.0060 | 2.515 | 182.9 | 2.4 | 1.10x10°®

Figures 6 to 10 show the generated output waveforms under open loop and three closed-loop
PID controls. These figures show the dynamic response of the voltage and current waveforms in its
operation. Figure 6 shows the output waveforms under open loop control. The converter exhibits
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overshoot in its voltage and current waveforms capped at 78.3V and 3.3A, respectively. The time
taken to reach 90% of its steady value is 0.24ms with settling time at 6ms. This control settled at the
quickest pace compared to the closed-loop control, but the steady-state voltage only reaches 46.4V
which contributes to 3.4% steady-state error using similar 0.6 duty cycle. The measured peak-to-peak
output voltage ripple is 340.8mV.

Output Waveforms Under Open Loop Control
a5l T T T T T .

3 Peak at 3.3A b
2.5 5
1.5 ‘

I

0.5

Load Current (A)

L | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (seconds)

80 I, A

Peak at 78.3V
70 «{r i
60 J

\/\'- \ 1

Settling Time
30 at6ms B

2 o
=3

Load Voltage (V)
=3

¥ Rise Time ]
40| at024ms

I I I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (seconds)

Fig.6. Output waveforms under open loop control

Figure 7 shows the output waveforms for current and voltage using second method ZN tuning.
Tremendous improvement can be clearly seen without any overshoot in its operation with rise time
at 4.56ms and settling time at 32ms. The measured peak-to-peak output voltage ripple is 361.4mV
which less than 1% indicating a well-regulated output is achieved using this PID control.

Output Waveforms Under Ziegler-Nichols Tuning
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Fig. 7. Output waveforms under Ziegler-Nichols tuning
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Derived from the initial ZN tuning, MZN method is applied, and the output waveforms is shown
in Fig. 8. This tuning also exhibits an extremely well-regulated output as designed. The rise time and
settling time also show shorter time than the ZN method which are 4.21ms and 30.2ms, respectively.
A tiny 289.3mV peak-to-peak output voltage ripple is recorded using MZN tuning.

3.5

Load Current (A)

Load Voltage (V)
w &2 o

Output Waveforms Under Modified Ziegler Nichols Tuning
T T T

| |
0.015 002
Time (seconds)

I
0.025 003

r/

e \

Settling Time
at 30.2ms

Rise Time
at4.21ms

0.005 0.01 0.015 0.02
Time (seconds)

0.025 003

0.035 0.04

Fig. 8. Output waveforms under modified Ziegler-Nichols tuning

Tyreus-Luyben tuning method also shows well-regulated output waveforms are achieved in its
steady-state condition as depicted in Fig.9. However, this method exhibits the slowest rise time and
settling time at 14ms and 35.1ms, respectively. The measured peak-to-peak output voltage ripple is
291.5mV which is less than 1% as experienced by ZN and MZN tuning methods.

35

Load Current (A)
o = N
a - moN o w

=

Load Voltage (V)
w & a0 © N ®
S S © o ©

5]

20

Output Waveforms Under Tyreus Luyben Tuning
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Fig. 9. Output waveforms under Tyreus-Luyben tuning
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Comparison of Output Waveforms Under Different Tuning Conditions
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Fig. 10. Full comparison of output waveforms for all tuning methods

Figure 10 shows the complete comparison of the open loop and all PID controls used in this
analysis. An overshoot of 63.13% is experienced by the design when it is operated using open loop
control. Under PID controls, all tuning methods able to produce well-regulated outputs at the desired
level which is 48V and 2A. Table 5 summarises all key parameters associated with the open loop and
PID feedback controls. Based on the rise time and settling time criterions, it is found out that the
MZN tuning is the most suitable method to be applied in this proposed SEPIC-Boost converter design.

Table 5
Dynamic performance comparison for all tuning methods
. Overshoot Settling time Rise time Steady-state error | Peak-to-peak ripple
Tuning Method V) (ms) (ms) (%) (mV)
Open Loop 78.3 6.0 0.24 3.4 340.8
Ziegler-Nichols (ZN) - 32.0 4.56 - 364.1
Modified Ziegler-Nichols
(MZN) - 30.2 4.21 - 289.3
Tyreus-Luyben (TL) - 35.1 14.00 - 291.5

4. Conclusions

A SEPIC-Boost converter using PID feedback control based on combination of SEPIC and Boost
converter for renewable energy applications has been successfully analysed in this paper. Compared
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to the conventional SEPIC and Boost topology, this modified design has shown the ability to
significantly increase the static gain when operated with similar duty cycle. Complexity of the control
circuit is maintained with only one switching MOSFET embedded in its topology. Using PID feedback
control, it has shown well-regulated output waveforms over open loop control without any overshoot
and steady-state error. Different PID tuning methods have been applied to find the best dynamic
performance and simulation results have shown that the modified Ziegler-Nichols tuning is the best
PID tuning to be applied. Validation of the proposed SEPIC-Boost converter has shown that it able to
produce a reliable 48V, 2A outputs with ripple less than 1% in its operation.
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