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Abstract: This paper presents a novel approach for feedback linearisation in a continuous conduction mode (CCM) of the flyback converter.
Due to the unstable zero dynamics, a flyback converter has highly non-linear behaviour. Flyback converters mostly use the indirect
(current) control mechanism. In contrast, this paper shows a direct control of the output voltage of a flyback converter with feedback
linearisation (a non-linear control method). In the designed controller, an error integrator is applied to improve the dynamic and steady-
state behaviour of the controller. To design the feedback linearisation method, the state-space averaged model is determined. The
converter and the proposed control are tested in a MatLab/Simulink environment, and the results are compared with other optimal
controller methods. The results provide feedback about the efficiency and practical implementation of the proposed method.
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1. Introduction

Currently, the improvement of the power electronic equipment has led to momentous growth in many industrial
segments, such as e-mobility or renewable energy (Pesce et al., 2021; Ramos-Paja et al., 2021; Tseng and Fan,
2021). Acommon feature of the above industrial segments is that the auxiliary circuits of the equipment require a stable
direct current (DC) voltage, which is achieved by a DC/DC or alternating current (AC)/DC converter. Requirements
for the auxiliary power supply include high power density, easy voltage step-up or step-down, galvanic isolation and
simple construction/low number of components. Considering the switched-mode power supply (SMPS) topologies
currently used in power electronic systems, the flyback converter satisfies the above conditions: it is well-suited for
low-to-medium power range applications up to several hundred watts and can be applied in both AC/DC and DC/
DC conversions with galvanic isolation (Khairy et al., 2015; Mohanty et al., 2015; Paul and Bhuvanesh, 2015; Szeli
et al., 2013). On the other hand, flyback converters also power many everyday electrical appliances such as digital
versatile disc (DVD) players, mobile phones and laptop chargers (Yin et al., 2020).

The flyback converter — like most switching converters — exhibits non-linear behaviour, which makes the controller
design more complex. For this reason, a non-linear controller is needed to achieve good dynamic and steady-
state behaviour. A further important requirement for such circuits is robust behaviour, that is, being insensitive
to changes in input voltage, parameter or load. For many control circuits, the presence of a steady-state fault is
an additional problem. In the literature, many advanced non-linear and optimal control strategies, such as linear
quadratic controller, sliding mode controller (SMC), H-infinity, or feedback linearisation, have been published to
achieve a good closed-loop performance of the flyback converter (Bouziane et al., 2015; Mandal and Mishra, 2018;
Prasad and Kumar, 2018). Taking into account our previous results, feedback linearisation has been applied to non-
isolated converters with good results: the method has been transformed into a framework and the modifications
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have improved the dynamic behaviour and minimised the steady-state error. Accordingly, this paper presents a
novel form of control framework based on feedback linearisation via the flyback converter.

The structure of the paper is as follows. Section 2 describes the operation of the flyback converter with the
circuit diagram and the important equations and diagrams, and Section 3 summarises the state-space equations
of the continuous conduction mode (CCM) operation. The remaining sections deal with the design of the feedback
linearisation-based controller (Sections 4 and 5) and present the simulation results (Section 6).

2. Operation Principle of Flyback Converter

The circuit diagram of the flyback converter is shown in Figure 1. The circuit includes the high-frequency transformer,
the switching element (which is more often a metal-oxide—semiconductor field-effect transistor [MOSFET]), the
output diode (D), and the capacitor (C). It is evident that the output (load) voltage is equal to the capacitor voltage.
An important part of this figure is the magnetising inductance, which is transformed to the primary side of the
transformer. It can be obtained from the following equation:

Lp=L+L, o

where L, is the primer inductance, ; is the leakage inductance and L, is the magnetising inductance of the
transformer. The primer and the leakage inductances of the transformer are measurable parameters.

The operation of the flyback converter can be separated into two modes, depending on the inductor current in
each cycle. If the switching element (SW) turns on before the primer inductor is completely discharged, then the
current in the inductor never reaches zero. This operation is called also CCM. However, the off time %, lasts long
enough for the primary inductor to fully discharge, so there is a time interval during which the current in the inductor
reaches zero. This causes both the output diode D and the switching element (SW) to be in an off-state and is called
discontinuous conduction mode (DCM) (Igbal and Abbas, 2014).

The DCM operation is used typically in a low-power application for the following reasons: (i) the switching
semiconductor element has a lower power loss and lower stress; (i) DCM reduces the rectifier losses and usually
reduces the transformer size requirement as well. At the same time, the DCM operation has higher peak currents,
which also affects the selection/design of the transformer and the switching element. CCM operation is commonly
used for medium- or high-power applications. The CCM operation has been investigated in detail in a previous
article (Mohammed and Nafie, 2015).

In the CCM region, two different intervals can be defined depending on the state of the switching element (SW)
(Igbal and Abbas, 2014): during on-time, there is no energy transfer to the secondary side due to the reverse bias of
the secondary side diode (D). The output is supplied with the secondary side capacitor (C). If the switching element
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Fig. 1. Circuit diagram of the flyback converter. R, L, C and N symbolise the output load, inductance, capacitance and turn ratio, respectively, of the
converter. L, magnetising inductance; SW, switching element.
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Fig. 2. Waveforms of the magnetising inductance of flyback converter in CCM (LTspice software). CCM, continuous conduction mode; L, magnetising
inductance.

(SW) goes off-state, the stored energy in a leakage inductance is transferred to the load (R). The waveforms of the
magnetising inductance’s voltage and current are shown in Figure 2.

The system equations of the flyback converter are the following (Igbal and Abbas, 2014): when the switching
element (SW) is on (0 <t < dT}):

diy, _7,

L @
du.  ug

At RC

When the switching element (SW) is off (dT, <t < T):

di,, _ Nv,
a L, 3)
dv. Ni,, v,

dt C RC’

The average form of 7, and ¢, is as follows:

diy, __Ni,,(1-d) v,
dt L, L,’
. 4
dve __Niy,(1-d) v
dt C RC’

3. State-Space Model of Non-Linear CCM Flyback Converter

To apply feedback linearisation, we need to know the state-space description of the system. We have already
presented a detailed representation of these for switch-mode converters.
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Accordingly, the state-space averaged model of the CCM flyback converter in the matrix form is as follows
(Howimanporn and Bunlaksananusorn, 2003; Igbal and Abbas, 2014; Sucu, 2011):

N(-4) ,
dt| ve N(l—d) 1 Ve (;I l
C RC

where i;,, and u. represent the current of the magnetising inductor and voltage of the output capacitor (output
voltage), respectively; 7; is the input DC voltage; R, L, C and N symbolise the output load, inductance, capacitance
and turn ratio, respectively; and d denotes the duty cycle of the converter. Figure 1 shows the topology of the flyback
converter.

A single-input single-output (SISO) non-linear system can be written as follows (Csizmadia et al., 2022;
Csizmadia and Kuczmann, 2022; Zheng and Shuai, 2012):

)'c:f(x)+g(x)u, 6
{ y=h(x), ©
where
_ _?vc
f(x)= N )
— i, — V¢
C RC
fy :
Lny + L (8)
g(x)= v,
L C Lm

4. Controller Design Applying Exact Feedback Linearisation with Integrator

Several previous articles have reviewed the method in detail, so only the results are used here. Let the controlled
quantity be the output (capacitor) voltage, that is:

y=ve )

Differentiating y with respect to time, we get the following:

N(1-d)i :
di)’:;( )iy _ Y (10)
dt C RC

It is visible that the relative degree of the system is r < n. In order for g(x) =0, we choose a new state variable;
therefore:

oh
= g(x)]=0. (11)

The solution of (Frobenius type) Eq. (15) is as follows (Csizmadia et al., 2022; Csizmadia and Kuczmann, 2022;
Zheng and Shuai, 2012):

Nij vy + NV
= +L7' (12)

'm

h(x)
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Accordingly, the transformation matrix is given by the following expression:

h
[T(x)]:z:L 2’3)} (13)
f

The control input of the flyback converter is achieved as follows:
—L’fh(x) +v

U= (14)
L1 h(x)

The Lie derivatives of Egs. (13) and (14) are shown in the Appendix. The system diagram with the measured
parameters is shown in Figure 3.

T
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Fig. 3. Block diagram of feedback linearised scheme. R, L and C symbolise the output load, inductance and capacitance, respectively, of the
converter. L, magnetising inductance; WM, pulse width modulator.

9. Feedback Design

In the previous section, the non-linear system is transformed into a linear system; so,
[2]= [A(x)] - (15)

Accordingly, the internal controller must be designed for this linearised system.

9.1. Reference value calculation

The system is controllable in case the output function is equal to that in Eq. (12). Accordingly, the second state
variable i;,, needs to be expressed by other parameters. To find the steady-state variable, (d and i;,,) need to nullify
the time derivatives (Cervone and Brando, 2020). So,

N Vrer

v+ Ny, . (16)
av;
R(1-d)'N?

Um =
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As a result, the equivalent reference function is selected as follows:

2

v. =V (17)

5.2. Linear controller design

The internal linear controller should be designed for Eq. (15) and can be realised by some classical control methods,
such as the proportional-integral—derivative (PID) controller, linear quadratic regulator (LQR) or state feedback. In
our case, the control was realised by pole placement (Ackermann method). Accordingly, the poles were determined
as follows (Keviczky et al., 2011):

p=[-1/0.0001;—1/0.001;—1/0.0005]. (18)

So, the feedback gain (k) matrix is chosen as follows:

k" =[32,000,000,13,000,2-10" ]. (19)

6. Simulation Results and Conclusion

The flyback converter was introduced and analysed by Kirchhoff’'s laws in the second chapter and described in
a state-space form in the third chapter. To make our work more comparable, we chose a non-linear controller,
namely an SMC, as a reference work. At the same time, we also designed an optimal controller, that is, a LQ
controller, based on a previously published paper, so that we can directly compare the results (Csizmadia and
Kuczmann, 2020). Accordingly, the parameters of the investigated flyback converter are summarised in Table 1. The
parameters of the LQ controller are given in the Table 2, and the block scheme of the LQ controller-based system
is shown in Figure 4.

To investigate the dynamic, steady-state and robust behaviour, the following tests were examined: reference
voltage variation, load variation, input voltage change and nominal start-up. Accordingly, Figures 5 and 6 show the

Symbol Value
Room 10Q

L, 250 pH
C 200 uF
N 0.5

v, 12V

v 24V

A 24A

£, 100 kHz

Table 1. Fiyback converter parameters.

Symbol Value
K, 0.096
k, 0.088
k 141.4

LQ, linear quadratic.

Table 2. LQ controller parameters.
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Fig. 4. Block diagram of LQ control of flyback converter. R, L and C symbolise the output load, inductance and capacitance, respectively, of the
converter. L, magnetising inductance; LQ, linear quadratic; PWM, pulse width modulator.
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Fig. 5. (a) Response on reference voltage change from 10 V to 25 V, and (b) output load variation from 10 Q to 15 Q. LQ, linear quadratic.

response of the main system parameters, that is, capacitor voltage and transformer magnetising current, to the
dynamic and steady-state tests for the linear quadratic and the proposed novel feedback linearisation controller,
respectively. All simulations were run for 20 ms, and changes were made at half of the time interval, that is, at 10 ms
(except for the steady-state simulation). Figure 5a shows the reference voltage variation test. The reference voltage
changed from 15 V to 24 V. Figure 5a shows that the capacitance voltage is very accurate for both regulators; at
the same time, the presented regulator follows the variation of the reference voltage without overshoot. The clear
difference is in the magnetising current of the transformer: the proposed regulator has no inrush current, unlike the
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Fig. 6. Response on input voltage variation from 12 V to 16 V, and start-up/steady-state simulation results. L, magnetising inductance; LQ, linear
quadratic.

LQ regulator. Figure 5b shows the output load variation test. The load resistance value has been changed from the
designed 10 Q to15 Q. The proposed controller has a smaller transient error in capacitor voltage, namely 1V (4%).
However, the transient interval is smaller for the proposed controller. A significant inrush current of the magnetic
inductor is observed only during the test start-up for the LQ controller. For the input voltage variation (Figure 6a),
the two regulators show almost identical transient responses. The magnetising current of the transformer shows a
similar shape as in the previous test. In the start-up test (Figure 6b), the following conclusions can be drawn: for the
presented regulator, there is no overshoot in either the capacitance voltage or the transformer magnetising current.

By comparing the simulation results with the results of the reference paper, it can be concluded that in the case
of the proposed controller, there is no overshoot in the controlled quantity (capacitance—voltage) in any of the tests.

7. Conclusions

In this paper, a novel feedback linearisation of the CCM flyback converter is presented. The control methods
reported in the literature show independently good results, but almost all of them have some problems, such
as inrush current, steady-state error, non-robust behaviour or high transient overshoot. This paper proposed the
application of an error integrator in the feedback linearisation control loop, and the simulation results of this method
are compared with those from a non-linear and optimal control algorithm. As shown from the simulation results, this
new form of feedback linearisation exhibits very good transient and steady-state behaviour. Moreover, the controller
design can be transformed into a framework, which makes the design faster and more robust. Future plans include
laboratory tests and sensorless implementation for good practical applicability.
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Appendix

The Lie derivatives of the flyback converter are as follows:

Vc _ NiLm
2+ ZNV“)(RC C ) 2N

iV, Al)
L .h(x)= L 5 (
/ ( ) Lm CLm
. 2
. ZN( VC _NILMJ 2. NC(N(2K+2NVL)_2N ]
2 ):( v, _&j RC _C ) W, +2Nv, 2N% | CL, L.). (A2)
! RC C L, RCL, CL, L,
Vv Ni
2N c Lm
Ni (RC C ] LW, 2Ny, | 2N%,,
N(2V,+2Nv,) 2N i L, RCL,  CL, (A3)

](V, + ch)
CL CL,

LLh(x)= ( = i
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