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Abstract: This paper proposes the design of
observer for flyback converter using the Lyapunov
direct method. Non-linearity and large signal
model are considered for the design. The objective
is to design a robust controller to regulate an
output voltage of the converter. It will track the
reference voltage for wide variation of input
voltage and load. Non-linear state feedback control
is used to reduce error and improves converter
efficiency. Schur’s complement method is employed
to convert Non-LMI into LMI. It reduces the
complexity involved in the mathematical
calculations. Observer functionalities are verified
through Matlab simulation. It is shown that the
Lyapunov observer based control performs better
than pole placement controller and PID controller.
Error and chaotic behavior of the converter are
reduced with Lyapunov controller and compared
with other controllers
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1. Introduction

In DC-DC converters, controlling its output
voltage is essential to get the desired value in many
applications like power supplies, green energy
systems, battery charging and motor control.
Generally, flyback converter is more suitable for
high voltage and low power (less than 100 W)
applications, due to its simplicity, low cost, and
galvanic isolation.

Various analog and digital control methods
have been used for output voltage regulation. There
are three types of control techniques. They are
voltage mode control, current mode control and

hysteresis control [1]. In the flyback converter,
primary side current control and secondary side
voltage control are used [2]. Because of simplicity
and zero steady-state error, proportional-integral
(P1) controller is used in different dc-dc converters.
Pl controller tuned using Ziegler Nicholas (ZN)
method for the converter is discussed in [3].
Problems associated with stability and current mode
Pl controller for the converter driving LED load is
discussed in [4]. M. M. Abdel Aziz et al [5]
described  design  procedures of  different
compensation schemes like PI, PID and fuzzy logic
control for voltage mode controlled dc—dc
switching converters. Flyback converter with digital
Pl controller is designed for a lithium ion battery
charging system and implemented using DSP
module 6].

An observer-based digital controller offers
additional advantages of hardware saving [7]. It
doesn’t require additional sensors. Computations
are embedded and performed in the controller.
Luenberger state observer is designed by one of the
following methods. They are pole placement
method, Lyapunov based observer and sliding
mode observer.

State observer is designed by pole placement
technique to achieve the stability of a completely
controllable system. The state feedback matrix is
optimized using linear quadratic optimal regulator
(LQR) method based on Riccati matrix. It improves
the system performance [8], [9]. To prove the
effectiveness of the observer based digital
controller, model predictive control is applied to the
flyback converter, which is operating in continuous
conduction mode (CCM). Ya Zhang et al [10]
designed Luenberger observer using pole placement
method.
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Because of switching action of the power
semiconductor devices, the model is non-linear.
Therefore, linear controllers cannot be stable for a
wide range of operation. It is not possible to obtain
a satisfactory response for a power supply with
wide load change using a Pl regulator. It is
completely well-known that non-linear controllers
exhibit more stable and robust response for wide
load and input change [11]. In recent years,
passivity-based [12], sliding mode [13]-[16], back
stepping [17], Lyapunov based [18] and exact
feedback linearization controllers [19] are
employed in many applications.

The linear matrix inequality (LMI) based
method with state estimation using Lyapunov
function is explained in [20], [21]. Input variable
constraints are considered in the state feedback
control of the linear MIMO systems. Lyapunov
based control for SEPIC converter is designed with
a proof of the asymptotic stability of the observer
error using port Hamiltonian formalism is presented
in [22]. Hyunki Cho at al. [23] discussed the state
observer and controller design of boost converter
using the Lyapunov direct method and LMI
approach. In this paper design of Lyapunov based
prediction observer for flyback converter is
proposed and controller design depends on this
observer.

Non-linear  systems exhibit chaos and
bifurcation phenomena. This violates the path of
reference tracking system. Control of the chaos
with voltage mode and current control have been
focused by many researches. Current control
chaotic behavior in dc-dc converters is explained in
[24], [25]. Lian-Qing [26] proposed control of
chaos in buck-boost converter with voltage mode
control. In this paper voltage mode chaos control of
flyback converter is discussed.

This paper is organized as follows. Section Il
presents the state model of the flyback converter. In
section 11l Lyapunov based observer and controller
design are explained. Simulation results of the
converter with observer and controller are given in
section V. Section V is concluded with features of
controllers.

2. State model of flyback converter

Overall block diagram of converter control is
shown in Figure 1. It consists of the flyback
converter, observer, and controller. The observer is
called as state estimator. It estimates the converter
state variables. These values are compared with the
reference and produce error signal. Error is reduced
according to the controller design and the control
signal of the converter is generated to get better
performance.

___'ref Coroller > Flyback
converter
Estimated value ! Measured vale
Observer |«

Figure 1: Block diagram

The basic circuit of the converter is shown in
Figure 2. It is derived from the buck-boost
converter. Based on duty ratio, the output voltage is
greater or lesser than the input voltage. The output
voltage of converter is given in equation (1).

Vo= nvm((lfu)J (1)

N .
N=—" -turns ratio of the flyback transformer
1

N; - transformer primary number of turns
N, - transformer secondary number of turns
Vi, - dc input voltage

V, - output voltage

Vin " — S_lE C — ;R

Figure 2: Flyback converter circuit

Its operation is very simple and mainly
depends on the transformer's primary current. When



a switch is turned on, the transformer's primary is
connected to the supply. The current and magnetic
flux in the primary side is increased and energy is
stored in it. Since the diode on the secondary side is
reverse biased, a negative voltage is induced in it.
Output filter capacitor supplies energy to the load.
The rising primary current can be written in equation

).

L ()

When the switch is turned off, current and
magnetic flux in the primary side is decreased. A
positive voltage is induced in secondary side, so
diode is forward biased. Energy stored in the
transformer is delivered to the output capacitor and
the load. The decreasing primary current can be
written in equation (3).

_VO
NLm
where, i - transformer primary current
L - magnetizing inductance of the transformer
u - duty ratio of the switch, which is constrained as
0<ucx<l
ton — turn on period
torr — turn off period

toff (3)

IL =

Peak value of primary and secondary current can be
calculated as follows,

l, =—>2 (4a)

N, (4b)

ppk = Ispk x
Nl

where, lpok - primary peak current
Ispk - Secondary peak current
I, - output current

Primary and secondary peak current wave
forms of the converter are shown in Figure 3. Peak
value occurs as the consequence of core loss of
transformer and current stress of switching
components. In closed loop control peak, the
current value is greatly reduced.

Ipnk

Figure 3: Peak primary and secondary current
waveform

The output capacitance used for filter out the

ripple content in the output voltage and
magnetizing inductance are obtained by the
equations
V, xu
- ©)
f, xRxAV,
V., xu
= (6)

me foxI ook
where, AV, - voltage ripple
fs . switching frequency
C - output capacitance
R - load resistance

Specifications of the converter for the design are
tabulated in Table 1. i_ and V, are considered as
two state variables of the flyback converter. The
frequency of the switching is taken as 50 kHz.

Table 1: Values of parameters

Parameter Rating
Input DC voltage, Vi, 50 V
Output DC voltage, V, 100V
Switching frequency, fqy 50 kHz

Transformer turns ratio, Np: ns 1:2

Magnetizing Inductance, Ly, 480pH
Output capacitance, C, 220uF
Output resistance, R, 500Q
Input Power, P, 100W

The dynamic equations based on turn on and turn
off operations are obtained for one switching period
as



- Vin Vo
= q- 7
=g, A (72)
Vo 4 (1—u)L (7b)
RC nC

The dynamic values of i, and V, can be
controlled by the continuous duty ratio u, which is
obtained from the observer based controller. State
model of the converter depends on modes of
operation [27], [28]. Large signal model is
considered and the operating point can swing
throughout the range, it could be nonlinear.
Average state space model of the converter as,

X = AX + Bu
y = Hx

(8)

where, x =[i. Vo] - state vector
y =Vo - system output

A - system matrix

B - input matrix

H - output matrix

—(1-u)
_ NLm
A=la-u) (u-1
nC RC
Vin
B=|L,| H=[0 1]
0

For 50% duty cycle system matrix and input matrix
in continuous domain can be calculated as

A_| O 52083 10416667
113636 0 a 0

A discrete-time system is a transformation that
maps a given input sequence Uy into an output

sequence y, . State and output equations of the
discrete-time system are

X = ka +Guk

Y = ka

where, F and G depend on the sampling time T, and
it can be obtained as following

(9)

AT

.
F=e™ and G=[e”B)do
0

System matrix and input matrix in discrete domain
for the sampling period of 20us scan be found
as,

0.9998 —0.0104 oo 2.0837
0.0227 0.9999 10.0024

3. Lyapunov based observer and controller
design

In order to speed up the estimation process, the
difference between the measured and the estimated
output is given as a feedback and correct the model
continuously with this error signal. The main aim
of the controller design is to build a suitable robust
controller for a nonlinear system that guarantees
stability and satisfactory performance of the closed
loop system. Lyapunov based direct method is
employed to provide robust observer and controller.
Figure 4 shows the estimation scheme using
discrete time observer.

Figure 4: Discrete observer realization

3.1 Luenberger observer

The Luenberger observer is a deterministic
type of observer. It is designed to estimate or
observe output voltage and primary current of the
flyback converter. In this work observer design
based on Lyapunov direct method is proposed. The
observer is represented as,



where, )A(k Nh predicted state vector
)A(k - estimated state vector

)7k - estimated output

L - observer gain matrix
- AT

X= [I L Vo]

Estimation error can be represented as X = x — X.

Then the observer error dynamics are defined by

)~(k+1 =Xyt~ gqp = (F - LH)X, (11)

X = [TL \70]T. Observer implementation in the
discrete domain is called as prediction observer. It
estimates the states in one sampling period ahead of
the measurement Yy - The Luenberger observer for

this discrete-time system is therefore asymptotically
stable when the matrix (F-LH) has all the Eigen
values inside the unit circle.

3.2 Controller Design

The state feedback controller design is based
on the observer estimated value. Controller design
should be such that, the output voltage must track

the reference voltage in steady state. The control
law is represented as

u, =-Ke =—-Klxq - %] (12)

where, K - controller gain matrix. Controller
error e = x4 — X, then the controller error dynamic
of the entire system is represented as

€1 = Xd —>”<k+1:(F—K)e (13)

3.3 Lyapunov based observer design

Lyapunov direct method is the most important
tool for design and analysis of nonlinear systems. It

is directly applied to nonlinear systems without the
need to linearization and thus achieves global
stability. The basic concept behind this direct
method is that if the total energy of a system is
continuously dissipating, then the system will
eventually reach an equilibrium point and remain at
that point. Hence, Lyapunov direct method includes
two steps,
1. Find an appropriate scalar function, referred to
as a Lyapunov function,
2. Evaluate its first-order time derivative along the
trajectory of the system.

Positive definite Lyapunov function consists of
both observer and controller error dynamics can be
written as

V=xTPx+e'e (14)

The time derivative of lyapunov function can be
expressed as

_<Toy T oy, T T
Vk+1 =X ka+1 + X +1Px +e e 1+ L q® (15)
Vk+1 should be less negative definite for

asymptotic stability. Using equations (11) and (13)
it can be written as

ks = XT[P(F - LH)+(F - LH)T P[R + 26" (F-K)e<0  (16)

The term in square bracket can be written as,
P(F-LH)+(F-LH)"P<-—Q @an

PF-LHP+F'P-L'"H'P+Q<0
PF-F'P-ZH-Z'"H"+Q<0 and P>0 (18)

P and Q are 2x2 positive definite matrixes. Take,
Z=PL. Equation (18) is the nonlinear matrix
inequality (Non-LMI) equation. Convert Non-LMI
to LMI using Schur complement.

PF-F'P-ZH-Z'H" +Q

0
. _P}o (19)



To find P, Q, Z and L matrixes, LMI is solved using
LMI tool in MATLAB. K matrix value should be
such that, the Eigen values of (F-K) matrix are
strictly located within the unit circle. The values of
P, Q, Z, Fand K are,

25 0 7.48 0.015
P = Q = —
0 25 0.015 15

0.015 0.634
Z= F= K =[0.126 0.268]
3 1.199

4. Simulation results and discussion

The behavior of the Luenberger observer based
controller is simulated in Matlab Simulink with
operating frequency of 50 kHz. Simulation is done
with the different controller such as pole placement
controller, Lyapunov observer based controller and
PID controller and their results are compared.
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Figure 5: Observer implementation

Figure 5 shows the observer implementation. Both
current and voltage control can be achieved with
help of Lyapunov observer based controller. The
output voltage should follow the reference voltage.
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Figure 6: Controller implementation

Figure 6 shows the controller implementation. It
generates the control signal to get regulated output
voltage. The gate pulse generation of closed loop
simulation is shown in Figure 7. Gate pulse is
derived by comparing carrier and error signal. On
period of the gate pulse is 10us for 50 kHz
switching frequency.

Gate signal generation
T T T

Figure 7: Gate pulse

The transformer primary and secondary current
waveforms are shown in Figure 8. The average
values of the currents are 1.1A and 0.5A
respectively. In the Lyapunov method, observer
gain is found by solving the Ricatti equation and
form LMI equation (19) using Schur complement.
This LMI equation can be solved with help of
Matlab LMI tool.

Primary and Secondary curent
T T T T T T

Curent(A)

Time{s —— Primary current

= = Secondary current

Figure 8: Primary and secondary current waveform

This is the effective and easiest method to find the
observer gain. The system tracks the reference



accurately. The observer and controller gain for
Lyapunov and pole placement methods are given in
Table 2.

Table 2: Observer and controller gain

Method | Observer gain | Controller gain
Lyapunov | [0.634 1.199]" | [0.126 0.268]
Pole [3.61 8.3]" | [0.174 0.307]
placement

The estimated primary current and output voltage
waveforms are shown in Figure 9 and Figure 10
respectively and the average values are tabulated in
Table 3.

Table 3: Estimated values of current and voltage

. Measured | Estimated
Variables
value value
Primary current 0.7A 0.1A
Output voltage 99.8V 99.2V

Primany curent
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Figure 9: Primary current waveform
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Figure 10: Output voltage waveform

The output voltage and output current are settled at
0.34 ms and a fast dynamic response is obtained. It
is given in Figure 11.

Output voltage
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Figure 11: Output voltage and current waveforms

Table 4: Output voltage and %Error

Load Lyapunav Pole PID
Resist observer placement controller
ance based controller
Q) controller

Vo Error | V, Error | V, | Error

M| &) | VM| &) | V)| (%)

50 989 | 114 | 89.4 | 106 | 94.8 5.2

100 99.3 0.7 93.9 6.1 97 3

200 99.5 | 047 | 96.7 3.3 98.2 | 1.78

300 99.6 04 | 973 | 267 | 986 | 144

400 99.7 | 036 | 978 | 222 | 98.7 | 1.25

500 99.8 0.2 98.3 | 1.74 | 989 | 1.13

iL and V, are estimated without using any sensors.
The output voltage exactly tracks the reference. No
overshoot occurs. For various load resistance
values, the readings are taken with different
controllers and tabulated in Table 4.

2 100 — ———r
g e
& 90
©
> 80
50 100 200 300 400 500
Load (Q)
s | yAPUNOV ¢ 0 e Pole Placement PID

Figure 12: Output voltages for load variation



Output voltage response for wide variation of
the load resistance is shown in Figure 12. It is noted
that at light load condition (5-100Q2), the Lyapunov
controller tracks the reference approximately with
the error of (1.14%). For the wide variation of load
(200-500Q2), it exactly follows the reference with
0.34% of error. From this, it is confirmed that
robust controller can be designed using Lyapunov
stability method.

%Error
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Figure 13: Load resistance versus % error

Percentage of error for various load resistance
is given in Figure 13. If R, is increased, the error is
reduced. With Lyapunov based observer controller,
reduction of error can be achieved.

Figure 14: Output voltages for input supply
variation

For input supply variation ranges from 45-
55V the output voltage track the reference
efficiently with this robust controller and it is
shown in Figure 14. Only settling time can be
varied. Vo is settled at 5ms for (50 to 45V) changes

and 19ms for (45 to 55V). Lyapunov observer
based controller is compared with pole placement
controller and PID controller for a 500Q resistive
load. The readings are tabulated in Table 5. From
the output voltage waveform shown in Figure 15, it
is proved that Lyapunov observer based controller
offers better results.

Table 5: Results with different controllers

Type of lin lo Vo tr ts Error
controller | (A) (A) V) | (ms) | (ms) | (%)
Lyapunov 0.7 | 0199 | 99.8 | 0.33 | 0.8 0.2
Pole 171 | 0196 | 983 | 23 | 7 | 1.74
placement
PID 1.74 |1 0.198 | 98.9 | 1.1 3 1.13

The total power losses of the flyback converter
for three types of controller are tabulated in Table
6. Losses include transformer losses, semiconductor
device losses, diode and capacitance losses.
Lyapunov controller speed up the response and
quick reference tracking is achieved. This reduces
switching losses and gate driving losses of the
converter. Based on input and output current
variation remaining losses are varied for each
controller. Losses of the converter with different
controllers for varying load are shown in Figure 15.

Table 6: Losses of the converter with different

controllers
Load Lyapunov Pole PID
Resistance | observer placement controller
Q) based controller
controller
Plosses (W) Plosses (W) Plosses (W)
50 10.13 15.84 12.97
100 9.4 13.4 11.3
200 8.01 12.8 9.65
300 7.88 11.6 8.73
400 7.84 10.32 8.16
500 7.8 9.45 7.89

Timing parameters and percentage error of
different controllers are compared and given in
Figure 16. It can be observed that Lyapunov




observer based controller and PID controller are
giving the good performance.
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Figure 15: Comparison of controllers

Rise time (tr), fall time (ts), and %error of these
type of controllers are less when compared with
pole placement controller. The reason is that poles
are located on the unit circle in root locus plot. It
will slow down the system dynamics and settling
time is reduced. With PID controller by arbitrary
choosing of gain values, some extent these

problems can be rectified.
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Figure 16: Comparison waveform of output voltage

Lyapunov observer based controller performs
better and estimates the states of the system without
using the sensor, compared with PID controller. tr,
ts, and percentage error values are 0.33ms, 0.8ms,
and 0.4% respectively. These values are very less.
It is the great advantage of this controller and
suitable for most dc-dc converter control.
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Figure 18: Phase portrait of chaotic behavior

Figure 19: Chaotic behavior of V, and i_
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Figure 20: Primary current with chaotic control



The phase plot of chaotic operation is shown in
Figure 18. Chaos behavior of the state variables is
shown in Figure 19. With voltage mode control,
Lyapunov observer based controller eliminates the
chaotic behavior. Figure 20 and Figure 21 show
chaotic controlled primary current and output
voltage respectively.

Figure 21: Output voltage with chaotic control

Conclusion

Lyapunov observer based controller is designed for
the flyback converter. Primary current and output
voltage can be estimated using observer without
sensors. Controller reduces the error and the output
voltage exactly tracks the reference value. t;, ts, and
percentage error values are very less when
compared with other controllers. The computation
requires five addition, seven multiplication and two
delay blocks. It reduces complexity.

Since the output is settled in less time (0.8ms),
simulation time is very less (1s). The fast dynamic
response is achieved. Stable and reliable nonlinear
system can be obtained with the help of Lyapunov
observer. It is proven with  software
implementation. Power losses are reduced with this
controller. Also it eliminates chaotic behavior with
voltage mode control.
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