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Design and Performance Analysis of Effective Controllers for Multi-level DC to DC
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Abstract: In this article, an investigation of effective controllers for Multi-level DC to DC Positive Output Cascaded Boost Converter operating in continuous conduction mode
is carried out. The positive output cascaded boost converter is recently designed converter which increases the output voltage in geometric progression with simple structure
and has better voltage transfer gain in comparison with conventional converter. In this study, two level cascaded positive output boost converter (TLCPOBC) using super lift
technique was considered and the results were compared with single level cascaded positive output boost converter (SLCPOBC) to show the importance and need of Multi-
level converters in DC to DC applications. Due to switching mode operation, the characteristics of TLCPOBC were non-linear in nature. In addition, during line and load
variations, the system was not stable and converters behaved drastically. Therefore, an effective controller is essential to enhance the dynamic characteristics of converter.
Linear controllers like Proportional Integral Controller (Pl) and Proportional plus Proportional Integral Controller (P plus Pl) were considered in this study. Here, PI controller
acts as Single Loop Controller (SLC) whereas, P plus Pl acts as Multi Loop Controller (MLC). The main advantage of MLC over SLC is that it may regulate both output
voltage and inductor current of TLCPOBC which improves the performance of the system over a wide range of operating conditions. Using Ziegler —Nicholas tuning method,
the parameters of controllers were obtained by the state-space equations of TLCPOBC. The performance of controllers is verified in MATLAB/Simulink models and results

are validated to show the importance of an effective controller for TLCPOBC.

Keywords: DC to DC Power conversion; MATLAB/Simulink; Multi Loop Controller; State-space average model; Two Level Cascaded Boost Converter

1 INTRODUCTION

DC-DC converter plays a vital role in day to day life
applications such as renewable energy, hybrid vehicles,
battery charging, electric traction, fuel cell energy
conversion system [1-6]. Many DC-DC converter
topologies have been developed for these applications such
as buck, boost, buck-boost, SEPIC, KY converters and
Luo-converters (LCs) [7-9]. But any converter need good
output voltage regulation, fewer ripples in the output
voltage and reduced current and voltage stress. The
recently designed DC-DC converter was Luo converter,
which has Voltage Lift, Super Lift and Ultra Lift
techniques [10]. DC to DC converters using Voltage Lift
(VL) technique have been successfully employed in many
applications. However, in VL technique, the output voltage
of converter increases in arithmetic progression. But, Super
Lift (SL) technique increases the output voltage in
geometric progression and also effectively enhances the
voltage transfer gain in power series. The Luo converter
using SL technique was classified into POSLLC and
NOSLLC. Even though Super Lift (SL) technique
increases the output voltage in geometric progression the
circuits are a bit complex. Hence, cascaded boost converter
has been developed which enhances the output voltage in
geometric progression with simpler structure using power
law. To differentiate this converter from existing (VL) and
(SL) techniques, these converters are entitled as cascaded
positive output boost converters (CPOBC) and cascaded
negative output boost converters (CNOPC). In this article,
TLCPOBC using super lift technique was considered. The
controller design was a challenging one for these Luo
Converters. Therefore, in this paper both single loop and
multi loop controllers were designed and the results were
validated to show the importance of MLC for two-level
cascaded positive output boost converter (TLCPOBC).

The control of a cascaded boost converter using single
active switch was reported in [11]. However, the
verification was not carried out for different operating
conditions. POCBC has been well reported in [12].

Nevertheless, the efficiency of the same converter was
around 78% and ripples were not considered in the study.
PI controller based boost converter using parallel
connection is reported in [13]. However, the ripples with
this controller have produced 0.02 V. In addition, the
verification was not carried out for different line and load
variation. DC-DC double boost converter using small
signal modelling analysis has been discussed in [14]. But,
the result analysis part has not been clearly carried out. DC-
DC boost converter using various controlling techniques
has been well reported in [15-17]. But the controller has
produced large peak overshoot around 45% with settling
time of 0.06 s. In addition, it has large output voltage
ripples and voltage dip in output during line variations.
Multi-stage DC-DC converters for PV applications have
been well executed in [18]. But, only the simulation study
was achieved for the designed converter. Design of Dual
loop controller for boost converter is presented in [19]. In
this paper, simulation analysis for different operating
conditions has been carried out with SMC, PI and SMC
plus PI. But, the output of these controllers has produced
overshoots of 10 V, 15 V, 3 V with large settling time of
0.1's,0.025 s, 0.02 s respectively.

From the literature part it is clear that DC-DC
converters using different linear controllers were carried
out using single loop controller (SLC). However, for
TLCPOBC using multi loop controller (MLC) under
different operating conditions in continuous conduction
mode (CCM) has not been carried out. Therefore, in this
article TLCPOBC using multi loop controller (MLC) was
designed and results were compared with single loop
controller (SLC).

2 WORKING OF CASCADED POSITIVE OUTPUT BOOST
CONVERTER

Cascaded boost converters effectively enhance the
output voltage in geometric progression with simpler
structure. It increases the voltage transfer gain using power
law. These converters have several sub series namely main
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series, additional series, double series, triple series and
multiple series. In this study, the main series was
considered. The main series consists of single level
cascaded positive output boost converter (SLCPOBC), two
level cascaded positive output boost converter
(TLCPOBC).

2.1 Single Level Cascaded Positive Output Boost
Converter

The power circuit consists of single switch S, inductor
L, capacitor C; & diode D,. When the switch S is turned
on, the input voltage Vi, appears across inductor Z; and
output voltage V, appears across capacitor C;. Similarly,
when switch is turned off, the inductor current iz, declines
with —(Vo — Vin).

\lz lO
o

_Figure 1 Power circuit of SLCPOBC

Therefore, the output voltage (Vo) and output voltage
transfer gain of SLCPOBC can be written as Eq. (1):

v, =1
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m

G

Let k& be the duty cycle for SLCPOBC and let it be 0.6
in this study. Input voltage applied to SLCPOBC is 12 V
DC. Consider the converter is operating in CCM. The
output voltage V, & voltage transfer gain G can be
obtained from Eq. (1).

1

Vy=rr——+12=29.26V
(1—0.6) ()
G= 292 =243

12
2.2 Two Level Cascaded Positive Output Boost Converter

Two level cascaded positive output boost converter
was designed by adding inductor L, diodes D, and D3 and
capacitor C> to single level converter. In this study,
TLCPOBC was selected for the investigation. Fig. 2
illustrates the power circuit of TLCPOBC.

Power circuit incorporates switch S, two inductors Li,
L, two capacitors C;, C,, three power diodes D), D>, and
Ds and load resistance R. When switch S is closed, the
input voltage Vi, appears across inductor L; and capacitor
voltage V¢ appears across inductor L, Now, the inductor
current i, increases with capacitor voltage V¢;. Simillarly,

when switch S is opened, the inductor current i, declines
with (Ve — V) and the capacitor voltage becomes V=V,

tin Iy D L, Dg

g
Vin o, . JEE | R§

- s
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Figure 2 Power circuit of TLCPOBC

Therefore, the output voltage (¥,) and output voltage
transfer gain of TLCPOBC can be written as Eq. (3):

Vy= " :[l_llj 2 o

()

mn

G

2.3 Design of Power Circuit Components for TLCPOBC

In this section, power circuit components such as
inductors L1, L,, capacitors C, C>, output voltage V5, output
power (P,) and efficiency for TLCPOBC was calculated.
Let & be the duty cycle for TLCPOBC and let it be 0.6 in
this study. Input voltage applied to TLCPOBC is 12V DC.
The converter operates in CCM. The output voltage V, &
voltage transfer gain G can be obtained from Eq. (6):

1

V= 12=75V
v

G=—°=(Ej=6.25
Vi \12

With the help of V, and load resistance R, the output
current i, (mean value) can be calculated from Eq. (5):

P 2N ysa Q)
R 50

Output power P, can be calculated with the help of
output voltage V, & output current (/,) by using the Eq. (6):

Po:VoIo (6)
P, =75-1.5
P, =1125W

Let the maximum efficiency of the converter be 85%
in this study. With the help of P, and efficiency, the input
power Pi, can be calculated from Eq. (7):

n= 85%

By=R /7 (7
P, =112.5/0.85

R, =132W

n
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From obtained values of input power & input voltage,
Input current /i, was found from the Eq. (8):

in=5=Q=11A 3
V.12

in

Inductors L; and L, values were obtained by
considering Ai;, =0.16 A . Similarly the capacitor values C;

and C, were obtained by considering AV, =0.5V .

V.
L=L=—"—kL=L, =1372~0.593,
Silipy 100e” -0.16
L, =445 pH &)
1-k)V, 1-0.916)-75
o 00 o (=097
fAV R 100e”-0.5-50
Av, /
g2 (- k)
Vo o 2RAG,
kV,
Cy=——9——=165yF
(1-k)" AR
Tabe 1 Specifications of the TLCPOBC
Parameters name Symbol Value
Input Voltage Vi 12V
Output Voltage Vo 5V
Inductors L, L, 445 uyH
. 12 pF,
Capacitors C, G, 16.5 uF
Nominal switching £ 100 kiiz
frequency
Load resistance R 50 Q
Output power P, 1125W
Input power Py, 132 W
Average input current I 11A
Efficiency n 85%
Average output current io 1.5A
Duty ratio K 0.6
Peak to Peak Inductor o
Current Ripple 4n 25% of iy
Peak to Peak Output
Capacitor Ripple a7 05V
Voltage

3 STATE SPACE AVERAGE MODELLING OF TLCPOBC

Considering the merits and need of multi-level
converters, TLCPOBC was designed with the help of state
space averaging model. When Switch S is closed, refer to
Fig. 2, the state space equations of TLCPOBC can be
written as Eq. (10)

diLl — Vin

a1

dip, _ Ve (10)
T

Ve, i

dr C,

v, 7,

di C,R

Similarly, when switch S is opened, the state space
equations can be written as Eq. (11):

dip, _Via=Ve
— = —(1-k
dt L, ( )
di#:u(l_k)
dt L,
%:@(l_k) (11)
dt C,
I
dv, _ L2 p (l—k)
dt C,

From Eq. (10) & Eq. (11), we can obtain complete state
space averaging model of TLCPOBC as shown in Eq. (12):

di, 1 |o 0 (IZ‘) 0

dt

dip | o 0 1 (1=h) [iny Lli (12)
dr | _ h Lollie o

Vg | | (1-k) 1 0 0 Ve 0 "

a7 g %,

e, (1-k) 1

& ,0 CZ 0 CZR,

iLI
Y=[0 00 1] ’;2
Cl

v

o

Calculated values in chapter 3 were substituted in state
space average Eq. (12). Now, the matrices 4, B, C and D
of TLCPOBC become as shown in Eq. (13):

0 0 -914 0
4O 0 247 914
33917 83333 0 0o I
10 24667 0 -1212 (13)
[2247
B= g ,C=[0 0 0 1], D=[0 00 0]
10

4 NEED OF MULTI LEVEL CONVERTERS

In current scenario, the role of solar energy is very
much needed for many applications such as solar powered
vehicles, solar powered water pumping etc., However, the
output from solar cell is very low and it has to be boosted
with the help of DC-DC boost converter to meet the
application requirements. The boosting capability of the
converter can be achieved by increasing the values of
power circuit components such as inductor & capacitor.
However, increasing their values may lead to larger ripples
in the output voltage. In addition, the circuit leads to
electromagnetic interference. To overcome these issues,
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multi-level DC-DC boost converters were implemented.
Hence in this article, both single level and two level
converter have been taken into consideration.

Table 2 Output voltage and Voltage transfer gain of SLCPOBC & TLCPOBC for

12V input
Duty ratio £ 0.2 0.4 0.6 0.8
Vo 15V 20V 30V 60V
SLCPOBC
G 1.25 1.66 2.5 5
Vo 18V 33V 75V 300V
TLCPOBC
G 1.5 2.75 6.25 25

Tab. 2 shows the importance and need of multi-level
converters in DC-DC applications. The output voltage V5
and voltage transfer gain G for both SLCPOBC and
TLCPOBC under various duty ratio have been calculated.
Assume the input voltage applied to the converter is 12 V
DC. For duty ratio k= 0.8, the output voltage of TLCPOBC
was 300 V with voltage transfer gain around 25. Whereas,
in SLCPOBC the output voltage is only 60 V with voltage
transfer gain around 5 which is almost 5 times less than
TLCPOBC. Hence, from the comparison it is clearly
observed and concluded that the performance of
TLCPOBC is better than SLCPOBC which has better
voltage transfer gain. In addition, the output voltage
increases rapidly with increase in duty ratio.

Output voltage Vo for duty cycle
k: 0.2, 0.4, 0.6 & 0.8

o 400 300
s

~

S 300

:s 200 75

(=]
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o

Duty Cycle / k
=i SLCPOBC =—@—TLCPOBC

(a)

Voltage tranfer gain G for duty cycle
k: 02, 0.4, 0.6 & 0.8
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S
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Figure 3 Performance comparison of SLCPOBC & TLCPOBC (a) Output
voltage and Duty ratio (b) Voltage transfer gain and duty ratio

Tab. 3 shows the output voltage (V,) for change in
Input voltage (Vin). From the table it is clear that the output
voltage of TLCPOBC is compartively larger than
SLCPOBC of the same input voltage.

Table 3 Output voltage of SLCPOBC & TLCPOBC for change in Input Voltage

Duty ratio k: 0.6

Input Voltage Vi, 12V 15V 20V 25V
SLCPOBC vy 30V | 375V 50V 62.5V
TLCPOBC vy 75V | 937V | 125V | 1562V

Output Volatge response for change in

Input voltage
S 200 156,2
2 150 125
) 75 937
¥ 100 : 50 62,5
= 30 37,5
S 50 l
= 7, m u N
=
[N 12 15 20 25
£
=
o

Input Voltage / Vin
ESLCPOBC mTLCPOBC

Figure 4 Output voltage response for change in Input voltage with duty ratio
0.6

Therefore it is clear that multilevel boost converter
plays a major role in DC-DC application for increasing the
output voltage without increasing the number of switches
in the power circuit. The simulation of single level and two
level cascaded positive output boost converter was
performed in MATLAB/Simulink platform and the results
were validated to show the importance of multilevel boost
converter in DC to DC application.
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Figure 5 Output voltage and output current response (a) SLCPOBC (b)
TLCPOBC - Simulation

Fig. 5 shows the simulated output voltage (V,) for 12

V input. From the output it is clear that output voltage of

TLCPOBC is almost double the time compared with
SLCPOBC. The simulation was carried out in open loop
system which has produced peak overshoots of 20.3 V in
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SLCPOBC and 12.9 V in TLCPOBC during the start-up
region. Therefore, effective controllers were required to
nullify this issue.

5 CONTROLLER DESIGN FOR TLCPOBC

In this section, the controller design for TLCPOBC has
been discussed elaborately. The main intention of this
article is to develop an effective controller for TLCPOBC
with least disturbance under various operating conditions.
TLCPOBC was implemented with the help of PT and P plus
PI. Here, PI acts as single loop controller (SLC) and P plus
PI acts as multi loop controller (MLC).

Vi Vo
- TLCPOBC
A
Switching Pulse to Switch S
e
Pl controller Vorer
(a)
hy v,
Control Signal
Togateof «— PController A PiController M—{ Jg—Voret
pewer switch +
"‘—"hiangu\ar Wave It get
Comparator €2 el
(b)

Figure 6. Block diagram of Single loop & Multi loop controller for TLCPOBC (a)
Pl controller (b) P plus Pl

Fig. 6a, shows the block diagram of single loop
controller using PI for TLCPOBC. The output voltage V,
from converter is compared with reference output voltage
Vorer Which generates error signal e. This error signal e is
applied to PI controller. The output from PI controller
drives the Switch S of TLCPOBC. In this controller,
inductor current was not taken into consideration. Due to
this, the converter has produced oscillation in the output
voltage (V,) which has been discussed in chapter 4. To
overcome this issue and to operate the converter in stable
condition, multi loop controller was suggested. In MLC,
both output voltage and inductor current of TLCPOBC
were considered which improves the performance of the
system over wide range of operating conditions.

Fig. 6b shows the multi loop controllers using P plus
PI for TLCPOBC. Here, PI acts as outer loop voltage
controller and P acts as inner loop current controller. The
output voltage V, from converter is compared with
reference output voltage VoresWhich generates error signal
ei1. This error signal e, is applied to the outer loop voltage
controller PI. The controller PI generates reference
inductor current iz1er. This reference inductor current iz iref
is compared with inductor current iz, from power circuit of
TLCPOBC which generates error signal e,. Now, this error
signal €2 is applied to inner current controller P. Finally the
control signal from P controller is compared with triangular
wave which drives the main switch S of TLCPOBC.

With the help of Zeigler-Nichols tuning procedure, the
parameters of PI and P plus PI such as proportional gain
(Kp) and integral times (7;s) were determined.

From the Eq. (13), the transfer function G(s) for
TLCPOBC is obtained as shown in Eq. (14).

B 4.224¢" 14)
st 12125% + 21826 5% + 2.645¢! s — 2192672

G(s)

One of the denominator values from Eq. (14) is very
small 2.192¢ 2. Hence, it can be omitted. Now, the Eq.
(14) becomes:

4.224¢"

- (15)
st 1212 8% + 2.182¢% 57 + 2.645¢! s

G(s)

Eq. (16) shows the characteristic equation of
proportional control for TLCPOBC:

s 121287 + 2.182¢% 57 + 2.645¢" s+ K4.224e° =0 (16)

Ultimate gain with sustained oscillation for TLCPOBC
was achieved using this technique. With the help of Routh-
Hurwitz condition (K. = 0.0034) and its matching ultimate
period (P, = 0.000012 s), the stability was found. Based
on trial-error approach, the parameters such as proportional
gain and integral time were found. The proportional gain
K, = K./2 = 0.0017 and its integral time 7; = P./1.2 =
0.000011 s were determined by trial-error methods.

6 SIMULATION RESULTS

The main purpose of this research work is to verify the
operating conditions of TLCPOBC using SLC & MLC.
Due to switching mode operation, the characteristics of
TLCPOBC were non-linear in nature. Hence, the
validation of TLCPOBC was performed for different
operating conditions such as Line variations, Load
variations, circuit component variations and ripple voltage
analysis. Simulation results of controller PI and P plus PI
were analysed and compared.

6.1 Line Variation

The input voltage for TLCPOBC is varied from 12 V
to 15 V at 0.1 s. Fig. 7a & Fig. 7b show the simulated
output voltage of PI and P plus PI controllers. From the
result it is found that the output of SLC has produced both
increased & decreased overshoots of 16 V & 7 V with
settling time of 0.02 s. Whereas, in MLC it has only
increased overshoot of 12 V with settling time of 0.01 s. In
addition, it is clearly found that MLC had not produced any
oscillations during the transient period.

Similarly, the input voltage is varied from 15 V to 12
V at 0.1 s. Fig. 8a & Fig. 8b shows the simulated output
voltage of PI and P plus PI controllers. From the result it is
found that the output of SLC has produced both increased
& decreased overshoots of 6 V &12 V with settling time of
0.02 s. Whereas in MLC it has only decreased overshoot of
10 V with settling time of 0.01 s. In addition, it is clearly
found that MLC has not produced any oscillations during
the transient period.
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Figure 7 Output voltage response for change in input voltage from 12 V to 15
V (a) PI & (b) P plus PI - Simulation
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Figure 8 Output voltage response for change in input voltage from 15V to 12V
(a) Pl & (b) P plus PI - Simulation

6.2 Load Variation

The load resistance of TLCPOBC is varied from 50
ohm to 40 Q at 0.1 s. Fig. 9a & Fig. 9b show the simulated
output voltage and current responses of PI & P plus PIL.
From the result it is found that the output of SLC has
produced both increased &decreased overshoots of 3 V &

4 V with settling time of 0.02 s. Whereas in MLC it has
only decreased overshoot of 3 V with settling time of 0.01
s. In addition, it is clearly found that MLC has not produced
any oscillations during the transient period.

Quput voltage (Vo) & Output Currertt (1)
N w a o @
° S s ) )

°

t t
o 0.05 0.1 0.15 0.2
Time (s)

(b)
Figure 9. Output voltage and current response for change in load resistance
from 50 Q to 40 Q. (a) Pl & (b) P plus PI - Simulation

Similarly, the load resistance is varied from 50 Q to 60
Q at 0.1 s. Fig. 10a & Fig. 10b show the simulated output
voltage using PI and P plus PI. From the result it is found
that the output of SLC has produced increased overshoots
of 6 V with settling time of 0.04 s. Whereas in MLC it has
only increased overshoot of 4 V with settling time of 0.01
s. In addition, it is clearly found that MLC has not produced
any oscillations during the transient period.
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6.3 Circuit Component Variations and Ripple Voltage
Analysis

The simulated output voltage responses of TLCPOBC
for change in capacitor value from 16.5 pF to 20 uF and
change in inductance value from 445 pH to 500 pH using
PI & P plus PI were shown in Fig. 11a & Fig. 11b. The
simulated output result shows that output voltage of
TLCPOBC using PI controller (SLC) has larger ripples
which was around 3.1 V. However, using P plus PI (MLC)
the ripples in the output voltage have been reduced
considerably and it was only around 1 V.
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Figure 11. Peak to Peak ripple output voltage for change in capacitor value
from 16.5 pF to 20 YF. (a) PI & (b) P plus PI-Simulation
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Figure 12. P plus PI - Performance characteristics of TLCPOBC
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From the simulation results and comparison table, it is
clearly found that multi loop controller (MLC) P plus PI
enhances the dynamic characteristics of TLCPOBC in
comparison with single loop controller (SLC) PI. The PI
controller has produced increased and decreased

overshoots in the output during the line variation with
prolonged oscillations in the output voltage. However,
using P plus PI the oscillations were eliminated and also
the controller has produced least overshoot during the input
voltage variations. Similarly, during the load variations the
output voltage of PI controller has significant overshoots.
But in the case of P plus PI, the overshoot and settling time
were greatly reduced. In addition, the peak to peak output
voltage ripple using PI controller is high around 3.1 V.
Whereas, in P plus PI the output voltage ripple was around
1 V. Hence, by considering the merits it is concluded that
Multi loop controllers (P plus PI) are best suitable for
TLCPOBC compared with single loop controller (PI) for
DC to DC applications.

Table 4 Comparison of SLC & MLC under different operating conditions

PI Controller P plus PI Controller
Operating (SLC) (MLC)
conditions PI SeFtlmg P plus PI SeFtlmg
time time
16V v
Input voltage 7 \(/I?]gf;i?se) 002s (Increase) 001 s
12Vt 15V Has ' No '
R oscillations
oscillations
6 V (Increase) 10V
Input voltage 12V (Decrease)
15V to 12 V (Delc—:lr::se) 0.02s No 0.02s
[ oscillations
oscillations
3V
Load j\\// ((]I)r;ccrrzaassz)) (Decrease)
Resistance Has 0.02s No 0.02's
50Qto 40 Q o oscillations
oscillations
Load
Resistance 50 | 6 V (Increase) | 0.04s |4V (Increase) | 0.01s
Q1o 60 Q
Peak to Peak
ripple voltage
for 16.5 pF to
20 uF 31V - 1V -
capacitor
change

7 CONCLUSIONS

In this article, the design and performance analysis of
effective controller for Multi-level cascaded positive
output boost converter operating in CCM has been
attempted successfully in MATLAB/Simulink platform.
Cascaded DC to DC boost converter accomplishes better
voltage transfer gain and increased output voltage with
simple structure. The obtained values of voltage transfer
gain show the importance and need of TLCPOBC. To
enhance the dynamic behavior of the converter, multi loop
controller has been developed. The simulation was carried
out for different operating conditions using single loop
controller and multi loop controller for TLCPOBC. Further
the results of both the controllers were compared to
validate the importance and need of effective controller for
TLCPOBC. From the comparison it is clear that the
designed multi loop controller P plus PI has excellent
dynamic characteristics in all operating conditions. During
the line & load variations, the MLC has produced least
overshoots compared with SLC. In addition, the peak to
peak output voltage ripples were less, around 1 V. Hence,
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the designed Multi loop controller is best suitable for
TLCPOBC of medium & high power applications.
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