Iterative Learning Controller for Flyback Inverter:
A Hybrid Learning Scheme

Minsung Kim, Byeongcheol Han, Sungho Son, Sooa Kim,
Jun-Seok Kim, Kwang-Seop Kim, and Hyosin Kim
Pohang University of Science and Technology, Pohang, Gyeongbuk, South Korea
Email: minsung.kim@postech.ac.kr

Abstract—We propose an iterative learning controller (ILC)
with hybrid learning scheme for a flyback inverter operating in
continuous conduction mode (CCM). The flyback CCM inverter
has advantages such as buck-boost capability, small number of
circuit components and high power conversion efficiency, making
it suitable for the distributed renewable energy systems. But the
conventional proportional-integral (PI) controller for the flyback
CCM inverter exhibits poor steady-state response because it
suffers from control problems caused by right-half-plane (RHP)
zero in closed-loop transfer function and time-varying grid-
voltage disturbances. Phase-lead ILC is one of the candidates
to solve these problems, but it requires massive amounts of
memory. To overcome this problem, we use a sampled-data
iterative learning controller with phase-lead compensation, in
which sampled-data technique reduces the memory space needed.
The proposed ILC is also computationally simple and easy to
implement. The stability of the closed-loop system is derived
and the zero tracking error is achieved. Experimental tests
demonstrate the proposed control approach.

Index Terms—unfolding-type inverter, continuous conduction
mode, phase-lead compensation, sampled-data technique.

I. INTRODUCTION

Recently, the unfolding-type flyback topology with unfold-
ing circuitry has attracted attention as one of the practical
approaches for the microinverter due to its low cost, compact
size and high power conversion efficiency [1-9]. Among two
operating modes of the flyback inverter such that discontinuous
conduction mode (DCM) and continuous conduction mode
(CCM), flyback inverter in CCM operation exhibits superior
charicteristics in efficiency, voltage stress, current stress and
filter design. However, it suffers from control problems caused
by right-half-plane (RHP) zero in closed-loop transfer function
and time-varying grid-voltage disturbances [10-14]. These
problems limit the practical usage of the flyback CCM inverter.

To solve aforementioned problems, a phase-lead iterative
learning controller (ILC) was adopted to the flyback inverter
[15-19]. This control method observes periodic output signals
for one period, leads the phase of these signals, and then
uses them to generate the control signals for the next period.
Therefore, it provides an outstanding trajectory tracking and
disturbance elimination in the periodic control tasks. But, the
phase-lead ILC requires massive amounts of memory to store
the output signals and control signals. This aspect increases
the development cost of the flyback inverter.

In this paper, we propose a sampled-data ILC with phase-
lead compensation for flyback inverter. Sampled-data tech-
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Fig. 2. Equivalent circuit of the unfolding-type flyback inverter.

nique is adopted to achieve accurate tracking performance
with low memory requirements. The conventional proportional
feedback controller and the duty-ratio feedforward controller
are also used with proposed controller to improve the output
current tracking performance and to reduce the burden from
the feedback controller. Proposed control scheme is computa-
tionally simple, easy to implement, and requires low memory
space. We conducted experimental tests using the 200-W AC
module prototype to demonstrate its validity.

The remainder of this study is organized as follows. In Sec-
tion II, modelling of the flyback CCM inverter is introduced.
In Section III, the proposed control scheme is presented and
the error convergence of the closed-loop system is proved.
In Section IV, the simulation and experimental results are
presented. Finally, conclusions are drawn in Section V.

2973



II. SYSTEM MODELLING OF THE CONVERTER
A. Operation of the flyback CCM inverter

The circuit diagram of the unfolding-type flyback inverter
is described in Fig. 1. It is composed of input capacitor C;,,,
primary switch Sy, diode D, transformer 7" with turns ratio
n = N,/N,, an unfolding bridge (S2-S5), and a capacitor-
inductor (C'y,L ) output filter.

The equivalent circuit of the flyback CCM inverter is shown
in Fig. 2. 71, is the current that flows through the magnetizing
inductor L, ipr; and i, are respectively the primary and
secondary current of the transformer. The parasitic components
are presented as the series resistance %y of the output filter
inductor Ly and R¢, of the output filter capacitor C'y.

B. Dynamic model of the flyback CCM inverter

The flyback CCM inverter experiences two phases: 1) S
turned on and D turned off; 2) S; turned off and D turned
on. The state equations in phases 1 and 2 are represented as
follows:

Phase 1 (S; on, D off):
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By averaging state-space model, we can derive the average
model as
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where d; (t) is the duty ratio when the switch is turned on and
da(t) = 1 — dy(t).

By linearizing (3) and (4), we are able to formulate the
small signal model as follows:

y(t)z[o 0 1 0} )

x(t) = Ax(t) + Bd(t), (5)
y(t) = Cx(t). (6)
where x(t) = [iL,, (t), bc,, (t), 1L, (£), ic, (B)] 7, d(t) = di(t),
y(t) = ir,(t) are the state vector, the control input, and

the output. iy, (t), ¥c,,(t), ir,(t), vc,(t) and dy(t) are
incremental variations of iz, (), vc,, (t), iz, (t), vc,(t) and
dy (t). Parameters A, B and C' are determined as
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where I, Ve,,, IL,, Vo, and D are the operating points of
ir,, (t), ve,, (t), iv,(t), ve,(t) and dy(t). Since the flyback
inverter performs the same tasks repetitively with a grid period
T,, it can be described as a series of iterative linear systems:

%;(t) = Ax;(t) + Bd;(t), (10)

yi(t) = Ox4(1), (1

where ¢ indicates the number of iterations, x;(t), y;(t) and

d;(t) are respectively the state vector, the output and the input

at the ith iteration.

Then, discretizing the equations (10)-(11) yields a series of
discrete-time iterative linear systems:

xi(k +1) = Fx;(k) + Gue(k),

(12)
(13)

where £ is the discrete time index starting from k = 0 to k =
kr, xi(k) € R*™*', y;(k) € R and u.(k) € R are respectively
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Fig. 3. Schematic diagram of the proposed control scheme.

the state vector, the system output and the control input for
i=1,2,..,and F € R¥* G € R**! and H € R*** are the
discrete-time system matrices.

The proposed controller is then developed based on the
following assumptions.
Assumption 1. The desired system is invertible, that is,
given a desired output trajectory yq(k) there exists a unique
bounded input trajectory uq(k) such that

Xd(k' + 1) = FXd(k) + G’Lbd(k'),
ya(k) = Hxq(k) for all k € [0, kT],

(14)
(15)
where xq(k) € R**! is the desired state vector.
Assumption 2. The initial resetting condition is satisfied
for all iterations, i.e., x;(0) = xq(0) and y;(0) = yq(0), ¢ =
1,2,....

ITI. CONTROLLER SCHEME
A. Proposed ILC and stability analysis

The proposed control input consists of
ue(k) = upp(k) +upp(k) +ui(k),

where uyy(k) € R is the state-feedback controller, uys(k) €
R is the nominal duty, and u;(k) € R is the proposed iterative
learning controller. For uyy(k), uys¢(k), u;(k), we propose to
use

ugp(k) = kpe(k),

ugp(k)= Dno(k) =

(16)

17

B 71l

nVpe + |vg(t)]’

_ ~Jui(k)+kiei(k+Am), if mod(k,m)=0
uz+l(k)_ {ui+1(k_1)’

(18)

else.

(19)

where k), is the proportional gain; m > 1 is the ratio between
the sampling frequency and the control frequency of ILC;
ei(k) = ya(k) — yi(k) is the output error; k; is the learning
controller gain; ¢ = 0, 1, ... is the iteration index; k = 0, ..., kp
is the discrete-time index. mod(k, m) is the remainder when
k is divided by m. A is the phase-lead step.

In the proposed controller, the control frequency of ILC is
slower than that of the feedback controller and the nominal

duty. This method is called the sampling-data technique [20].
The sampled-data input, state, output and desired output are
respectively represented as:

[u,;_,S(O),ui’s(l), ...,ui’s(k]\] — 1)]

= [u;(0),u;(m), ..., u;((ky — 1)m)], (20)
[is(1), i 5(2), ...,z s (k)]

= [x;(m), z;(2m), ..., z;(knm)], (21)
[Yi,5(1), Yi,5(2), - Yi,s (BN

= [yi(m), yi(2m), ..., ys (knm)], (22)
[Ya,s(1)s Ya1,5(2), o Ya,s (k)]

= [ya(m), ya(2m), ..., ya(knm)], (23)

where the subscript s denotes the sampled-data signal and ky
is the quotient when kr is divided by m.

Theorem 1. Consider the discrete-time iterative linear sys-
tem (12) and (13). Assume that the assumption 1 and 2 are
satisfied and that the inequality

p(I —kPL) <1 4)

holds, where I is the ky x ky identity matrix, and P €
RFE~nXEN [, ¢ RFNXEN are represented as:

HG, 0 0
HEGGS HGG e 0
P = . . , (25)
_HFS’“N_lGS HFF~—2G, HG,
(11 Lo o Dy
log loo - loky
L= ) (26)
_lkN,l lkN72 lk‘N,kN
where
Fy = (F - k,GH)™, 27)
m—1
Go= )Y (F-kGH)™ G, (28)
j=0
Lifp+A—1=
bg=4""" T opg=1nky. 29
0, else

Then, the proposed controller (16) guarantees that the output
tracking error of the closed loop system converges to zero.
Proof. Applying the controller (16) to the discrete-time
iterative linear system (12) and substituting the proportional
control law (17) into the resulting equation yields

= Fxi(k) + Gupp(k) +upp(k) + ui(k))

= Fxi(k) + G(kpei(k) + upr(k) + ui(k))

= Fxi(k) + G(kp(ya(k) — Hxi(k)) +uypp (k) + ui(k))

= (F—kp,GH)x;(k) + Gui(k) + G(kpya(k) + uys(k)).

(30)
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Substituting the discrete-time index k£ = 0,1,...,m — 1 into
(30), we have

x;(1) = (F—k,GH)x;(0)+Gu;(0)+G(kpya(0)+us(0)),
(31
x;(2) = (F—k,GH)?x;(0)+(F — k, GH)Gu;(0)+Gu; (1)
+ (F=kpyGH)G(kpya(0) +uss(0))

+G (kpya(1)+uyr(1)), (32)

xi(m) = (F — kyGH)™x;(0) B (F — k,GH)™ L Gus(0)
+ -+ Gui(m —1)
+ (F = kyGH)" ' G kyya(0) + uz4(0))

+...+G(kpyd(m—1)+Uff(m—1)). (33)

Since the ILC inputs u;(k) are the same as wu;(0) for all k€
[0,m—1] as in (19), we can rewrite (33) as
m—1
xi(m) = (F—k,GH)"x;(0)+ Y | (F—k,GH)"™ "7 Gu;(0)
j=0
m—1 .
+ D (F=kyGH)" G (kpya(i)+ups (7))
j=0

= Fx;(0) + Gsu; 5(0) + w(0). (34)

where w(0) = Z;n:_ol (F = kyGH)™ I G(kpya(g) + uypp(5))-

Applying the same steps for all sampled-data states, we obtain
the sampled-data linear system as

Xi,s(n + 1) - qui,s(n) + Gsui,s(n) + w(n)a (35)
¥is(n) = Hx; s(n), for all n € [0, kn], (36)
where
(n+1)m—1 ‘
w(n) = Y (F=k,GH) "™ ™ 9G (kyya(f) + ug(7)-
j=nm
(37)

Note here that w(n) is the sum of the desired output and the
feedforward input for n = 0, 1, ..., ky — 1. It means that w(n)
is iteration-invariant. Solving the sampled-data linear system
(35) and (36) yields
n—1
yis(n) = HF'; (0) + Y HF! G o(1)
1=0
n—1
+Y CHFT ().
1=0

(38)

Let us define the output error e; 5(n) = ya,s(n) — yi s(n).
Subtracting the output errors at the ith iteration from those
at the (¢ 4+ 1)th iteration, we obtain

€i+1,s(n) - ei,s(n)
= Yi,s(n) = Yit1,5(n)
= HFJ(xi,5(0) — %i+1,5(0))

TABLE 1
PARAMETERS AND OPERATING CONDITIONS OF THE FLYBACK INVERTER

Parameters Symbols Value
Transformer turn ratio n 3.5
Magnetizing inductance Lo, 160 uH
Leakage inductance L 2.4 uH
Filter inductance Ly 1.0 mH
Input capacitance C; 2.0 mF
Filter capacitance Cy 0.1 uF
Input resistance Rae 1Q
Resistance in filter capacitor R, 0.48 Q
Resistance in filter inductor Ry 0.28 Q
Operating conditions Symbols Value
Nominal voltage of source Ve 60 V
Grid voltage Vg 220 Vims
Grid frequency fq 60 Hz
Rated power of source P, 200 W
Switching frequency fs 50 kHz
Sampling frequency fe 50 kHz

n—1

+ Y HF TG (i s() — i (D). (39)
=0

Applying assumption 2 and the ILC control law (19) to (39),
we have

eZ—H’s(n) - ei,s(n)
= HF:(XI"S(O) — Xi+1,s(0))
n—1
+ Z HEM 7 G (w5 (1) — wig,5(1))
=0

n—1
=~k Y HF! ''Ge; (14 N). (40)
1=0
Converting (40) into the matrix form yields
Eiy1,s = —kPL)E;;, 41)

where E; s = [e; 5(1),€;5(2), ..., e;s(kn)]T. So if the condi-
tion (24) is satisfied, then all the eigenvalues of [ —k; P L exist
within the unit circle, and consequently the error converges to
zero. B

IV. EXPERIMENTAL RESULTS

The proposed control scheme was evaluated by the experi-
ment using the prototype of the flyback CCM inverter. Table I
shows the circuit parameters and the operating conditions used
both experimental test. The control algorithm is implemented
on a TMS320F28377 microcontroller. Proportional control
gain k, was set to 0.05 and the nominal duty value was
determined using the parameters given in Table 1.

A. Experimental results

Fig. 4 shows the experimental results of the flyback CCM
inverter when the proposed control scheme is applied. We used
the output power P, = 100 W, the forgetting factor v = 0.01,
phase-lead step A = 2, and sampled-data ratio m = 3 for the
experiment.
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Fig. 4. Waveforms of the grid voltage (red) and the output current (blue)
when the output power is set to 100 W. (a) PI controller. (b) Proposed ILC.

When the PI control plus nominal duty is applied to the
proposed converter, the output current was highly distorted
(Fig. 4(a)). When the proposed ILC is used, the output current
tracks the reference output current well only using one-third
of the memory required in ILC with phase-lead compensator
(Fig. 4(b)).

We also tested the conventional and proposed controller
when the output power was set to P, = 200 W. Similar to
Fig. 4(a), the output current is highly disturbed (Fig. 5(a)).
Similar to Fig. 4(b), the proposed control scheme performs
properly (Fig. 5(b)).

V. CONCLUSION

In this paper, we propose a sampled-data iterative learning
control scheme with phase-lead compensation for the flyback
CCM inverter. The use of phase-lead ILC itself would achieve
desirable steady-state response of the flyback CCM inverter,
but it requires massive amounts of memory. In the proposed
ILC scheme, a sampled-data technique has been used to reduce
the amount of required memory. The stability of the closed-
loop system is derived and the zero tracking error is achieved.
Even with a small amount of memory, experimental results
shows that the control accuracy was satisfactory.

ve [100V/div.]

Time [Sms/div.]

(a)

v [100V/div.]
i 195 A

1[5 AYdiv.]
/ \

Time [Sms/div.]
(b)

Fig. 5. Waveforms of the grid voltage (red) and the output current (blue)
when the output power is set to 200 W. (a) PI controller. (b) Proposed ILC.
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