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Abstract—This paper investigates nonlinear control methods for
single-ended primary-inductor converters (SEPIC). The fast-
switching and average models show the converter nonlinearity in
terms of inductor currents, capacitor voltages, and the switching
duty cycle. The control law intuitively should be nonlinear to
drive and guarantee the system stability. Two different control
laws based on the passivity and back-stepping technique are
examined and designed to have asymptotically global stability in
the system. Unlike the passivity method which regulates the duty
cycle directly, the back-stepping method adjusts the switching
duty by a driver integrator/low pass filter system. The simulation
results have shown the benefits from the passivity control law
over the back-stepping one. Moreover, an observer is introduced
in order to reduce the number of voltage and current sensors for
the control system. The nonlinear control law is thus a
combination of the measured signal and the estimated ones.
Simulation results are also presented to verify the effectiveness of
the observer in the control system.

Keywords— DC-DC power converters, Nonlinear control
systems, Observers, Feedback, State estimation.

L INTRODUCTION

The single-ended primary-inductor converter (SEPIC) has
offered great benefits for power conversion since it can
generate a wide range of output voltage. A SEPIC converter is
able to operate in a buck mode or a boost mode depending on
the duty cycle value. In other words, the input impedance of a
SEPIC converter can be changed by regulating the duty cycle.
This property makes the SEPIC converter as an excellent
candidate for PV applications because it can match the entire I-
V characteristics curve [1].

The SEPIC converter has been modelled and controlled by
different methods described in [2] and [3]. The converter can
achieve maximum power point tracking (MPPT) properly.
However, those control techniques are typically based on the
linearization at operating points. The converter system is thus
locally stable with limited variations on the load demand side.
Several approaches
proposed to improve the system stability. The most common
technique is utilizing a sliding mode control as in [4]-[6]. This

using nonlinear control have been
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method requires less inductor current, but results in larger
ripples in voltages and currents compared to the passivity-
based control as concluded in [7].

One major disadvantage of nonlinear control methods is the
requirement of full-state feedback. In other words, four sensors
need to be installed in order to measure voltages and currents
across capacitors and inductors, respectively.

Our motivation in this paper is to present the nonlinear
model of SEPIC converters in detail and investigate different
control laws. In [7], the model is presented with PV system
dynamics. However, this is unnecessary since the capacitor in
the solar panel side is typically large and its dynamic
performance is much slower compared to that of the power
converter. More importantly, adding the solar panel dynamics
makes the controller more complicated. Our target is to model
the SEPIC converter precisely in order to find the nonlinearity
relation between voltages, currents, and the switching duty
cycle. The second step is to investigate different nonlinear
control laws based on our model and Lyapunov’s energy
storage function to achieve asymptotic stability for a wide
range of load variations. Our final target is to introduce an
observer for the nonlinear passivity-based control system in
order to reduce the number of voltage and current sensors in
the converter.

This paper begins in Section II by modelling the SEPIC
converter from the switching states. Two different nonlinear
control methods are introduced based on the passivity and
back-stepping approaches. An observer is then introduced in
order to reduce the sensors for the converter control system.
Section III presents simulation results for both methods and
also the system responses with the observer implementation.
Section IV provides several important conclusions for the
nonlinear controllers in SEPIC converters.
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1I. THE SEPIC CONVERTER MODELING AND NONLINEAR
CONTROL METHODS

This section investigates the state-space model of a SEPIC
converter shown in Fig. 1. The fast switching and average
models are derived. The two different approaches based
Lyapunov’s function are then introduced to find the nonlinear
control laws. In the final subsection, an observer is examined
to reduce the number of sensors for converters.

A. The SEPIC Converter Model

From the circuit diagram and KVL (KCL), the states
corresponding to on/off of switch are defined. The fast
switching model for the SEPIC converter is based on these
states [8]. After that, the average model can be easily derived
and then used for control law calculations.

L; C; D
ﬁ A M i
Iy Cl
+
E S i.LZT L> Cg

Fig. 1. A typical SEPIC converter configuration.

When switch is on, the inductor L; is energized from the
source while the inductor L, discharges capacitor C;. At the
same time, the capacitor C, provides power to the load. The

di;, di;,
bige =Bl = v (1)
dvey . dve, _ _ Ve
Lodt L™z g R

When switch is off, the two inductors are de-energized
through the capacitors and the load. The off-state is
mathematically described by differential equations given
below

Ly dt E—-ve — UCZ'LZW = "Vc2 )
dvcy dvc, . Vea

— = , — =i, + i, ——
170t Lo b2~ 1Tl T
Denoting x; =iz;, X2 =vcr, X3 =ir2, X4 =vc2, and g as switching
function, the fast switching model is given by

L1x:1 =E-(1-q)(x2+x,)
CiXy; = (1= q@)xy + qx3
LyXs = qx; — (1= q)x, 3
X
Coxy = (1 —q)(xy + x3) — ﬁ
The average model with d as duty cycle can be derived directly
from the above fast-switching model as follows

E X, +x
== (=)
1 1
—(l-D) 2 a2
*2 o Tt &)

C, C,R
The equilibrium point for the SEPIC converter at an operating
. . . E( D \?
condition with duty cycle D is: x;, = E(E) , Xpe = E,
E

D D .
X3p = — —),andx =E(—).Ifwedef1nee =X{ — Xip,
3e R (l—D 4e 1-D 1 1 le

€y = Xy — Xpg, €3 = X3 — X3¢, €4 = X4 — Xge, andu =d — D,
then the system model in (4) can be represented as

, D-1 . D-1
Ly Ly
-1 -D .
. _ G G
L, L, (5)
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C, C, C,R
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where e = [e; e, e5 e,4]T are the state errors. The error model
is a combination of a linear system f(e)and a nonlinear system

gleu.

It is worthwhile to notice that the system é = f(e) is
stable. Consider the radial unbounded energy storage function,

1 1 1 1 6)
V(e) = §L1912 + EClez2 + ELzeg + ECZeZ
then
V(e) = L161é1 + C162é2 + L2€3é3 + C2€4é4 (7)
= [Lie (:1‘5‘21 Lyes Creq]f(e)
(-7)et =<0

thus the system is globally asymptotically stable (GAS). The
duty cycle variation u is treated as input signal to stabilize
system in (5). The following section introduces different
nonlinear control methods.

B. Nonlinear Control Methods

The state-space model of errors is rewritten as

e=f(e)+gle)u 3)

where f(e)and g(e)are functions of linear state combinations.
The control signal u is designed in a way that the closed-loop
system in (8) is asymptotically stable. The two control
methods: passivity and back-stepping are investigated

1) Passivity Control: Consider again the same energy storage
function V(e) in (6) for system described in (8). Then,
V(e) = [Lie; Cie; Laes Cren][ f(e) + gle)u]
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If the output signal is selected as y = % [(31 +e3) —

D extey
(5
asymptotically stable with the control input

E D (e, te,
1—1)[(6”93)_1—0( R )]
where k is a positive constant. It is interesting to see that the
control signal u is established from the power variations
between inductors and capacitors. The duty cycle control
signal is now can be calculated from the real states as follows

d=D+u

ot =5 ()|

)] the system is passive because V(e) < yTu and is

u=—-ky=-k (10)

11

=D—k

E
1-D
2) Back-stepping Control: The control signal can be
designed using back-stepping technique. Instead of direct
calculation from states, the control signal is coming from a
driver system, for example an integrator or a linear filter [9].

The dynamic system is (8) is modified as

e=f(e)+gle)u u=v (12)
The dynamic system for (12) is described as in Fig. 2. The
duty cycle u is driven by input signal u through an integrator.

The nonlinear control law can established based on full-state
feedback of e and u.

Vo s U, é=f(e)+g(e)uiv

Fig. 2. A state-space model for the back-stepping control.

The above system can be asymptotically stable with the
composite energy storage function, V(e,u) = (1/2)e?* +
(1/2)u?,by the following control law

_ E _ D [x;+ x4 _ _ (13)
V=1 |Gt 1—1)( R )] k(d - D)
where k is again a positive constant.

C. Reduced Observers

From the control signal representation in (11) and (13), the
full-state signals are required for the control law. Thus, two
voltage and two current sensors are needed to measure states
and this increases physicals size and cost of the system in
practice. Instead, an observer can be constructed with fewer
sensors to establish the control signal. Assuming only the
output voltage measurement is available for the system, then
y=Ce=[0001]e =e,. In this case, an observer for the
system with passivity control law is considered. The state-
space model for this observer is given by [10]
é=f(@)+g@u+Lly—Cé)=A4é+g(®u+
L(ey—é1)
where A is a constant matrix from (5), € are estimated states,
and L = [l; I, I3 1,]" are observer gains. Since g (&) is a linear

(14)

combination of states, it can be assumed that this estimation is
able to cancel the corresponding part in physical model for
simplicity. The pair (A,C) is observable because the observer
matrix rank is four and it is thus simple to design gain L by
pole placements. It is degraded to two if the inductors are same
values L;=L; and the duty cycle is D= 0.5. This case should be
noticed for observer gain values is presented in Section IIL.

111 SIMULATION RESULTS

The nonlinear control methods and observer are employed
in a SEPIC converter. The parameters used in this study are
E=24V, L;=700 pH, L,=700 uH, C;= 50 puF, C>=10 pF, R=20
Q, faw=100 kHz Several cases have been simulated to verify
the nonlinear control methods. First, the converter system with
passivity controller is presented without any switching action
in the model. Then, the results from two designed controllers
with switching effects are compared. The last case study is the
implemented observer results.

A.  The Passivity Controller without Switching Action

In this case, the passivity controller is tested with gain
k=0.00015 and the results are shown in Fig. 3. Since the
voltage across capacitor C; is always constant at ve/=E, its
waveform is thus not presented to save space. The waveforms
of currents through inductors, Fig. 3 (a) and output voltage,
Fig. 3 (b), indicates that the designed controller performs well
after a short transient duration when the reference output is
changed from 24 V to 16 V and 56 V. Since there is no
switching action in the model, the voltage and current
waveforms are flat and having no ripples.

0 0.05 0.1 0.15 02 025 03
time (sec)

fx)

Current (A)
%

o =

0 0.05 01 0.15 0.2 025 03
time (sec)

(a)

Output Voltage (V)
s

I
[] 0.05 0.1 0.15 02 025 03
time (sec)

(b)

Fig. 3. Passivity control : (a) inductors, and (b) output voltage waveforms.

1339



B.  Comparisons between two Designed Control Laws

The two controllers are implemented in the converter and
compared. The gains for each controller are set at
kpass=0.00015 and kpak=0.00015. The converter is simulated
with two cases of buck-mode (16V) and boost-mode (36V)
corresponding to Fig. 4(a) and Fig. 4(b), respectively. For
convenience of comparison, waveforms from the back-
stepping method are plotted inversely. Due to the switching
effects, the current and voltage have ripples around the
operation points. It is noticeable that waveforms from the
passivity method have less ripples and smoother, especially in
the buck-mode. This can be explained by the indirect control
law in the back-stepping method.

‘ Passvity) 8

|—i_,(BackStepping)

Current (A)
& °
5> o o

time (sec)

=]

i'_vnwasswity; H
|—-V_(Backstepping) |

iy

Qutput Voltage (V)
Smohond

Rt

0.04 0.06 0.08 0.1
time (sec)

(a)

o
o
5]

w

—i,(Passivity)

e

|—z(BackStepping)

Current (A)
b hoa

] 0.02 0.04 0.06 0.08 01
time (sec)

30 —V,(Passivity) [
—-V, (BackStepping)

0 0.02 0.04 0.06 0.08 01
time (sec)

(b)

Fig. 4. Current and voltage waveforms in (a) buck-mode, and (b) boost-mode.
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Fig. 5. Real and estimated waveforms of a) currents, and b) output voltages.

C. The Designed Observer for Passivity Control Method

As mentioned in the previous section, an observer is
constructed, based on the pole placement method, for a SEPIC
converter to reduce the number of sensors. The states from this
observer are combined with the measured output voltage signal
to form the control law to reduce required number of sensors
from 4 to 1 (only output voltage is measured). The observer
gains are selected L=[-2229, -329, 395, -179]7to guarantee the
poles of the closed-loop system on the left half plane. For
comparison, the switching effects are not included and the
estimated states are plotted inversely as shown in Fig. 5. It is
clear that the voltage and current waveforms of real and
estimated states are reflections of each other. In other words,
the estimated values from the observer are almost the same as
those real values. This verifies the effectiveness of the
designed controller and observer for SEPIC converters.

I\A CONCLUSIONS

In this paper, two nonlinear control methods based on
passivity and back-stepping technique are introduced for
SEPIC converters. The controllers require full-state feedback
to stabilize the converter system at an operating point.
Simulation results shows the passivity control law outcomes
less ripples on voltage and current waveforms since it controls
the converter duty cycle directly. An observer is also designed
to reduce the sensor numbers, while effectively tracking the
physical model states. This verifies that the nonlinear control
law and the observer can be used to regulate the output voltage
of SEPIC converters.
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