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Abstract—A ﬂyback inverter in continuous conduction
mode (CCM) operation has simple structure, high efﬁciency, and low cost. But, in CCM operation, the transfer
function from the control input to the output current of
the ﬂyback inverter has right-half-plane zero, which causes
slow and delayed response. To achieve fast response, Timedelay controller (TDC) is proposed, which consists of a
linear controller and a time delay estimator. The time-delay
estimator is one of the simplest and efﬁcient estimator that
can estimate the unknown dynamics and disturbance. The
linear controller enables the closed loop system to achieve
the desired dynamics. Numerical simulations are performed
to validate the proposed control approach.
Index Terms—Non-minimum phase system, moduleintegrated converter, utility disturbance, unknown dynamics.

I. I NTRODUCTION

I

N general photovoltaic (PV) power generation systems, the PV inverter system can be constructed in
two ways: central inverter architecture and micro-inverter
architecture [1]. In its early stage, central inverter architecture is used to connect 8 to 10 solar panels to the
utility grid. This architecture is easy to implement and the
cheapest option, so it is the preferred solution for large
photovoltaic systems until now. But central inverter architecture is more sensitive to shading or cloudy weather; it
may reduce the overall efﬁciency of the systems [2]. To
solve the problem, micro-inverter architecture has been
introduced. The micro-inverter can track the maximum
power point of every solar panel, thereby achieving the
maximum power point tracking (MPPT) efﬁciency very
high and shading or clouding effects can be minimized
[3].
The conﬁguration of the micro-inverter can be classiﬁed
as two-stage or single-stage. In its early stage, a twostage scheme has been widely used [4]. It consists of a
ﬁrst stage that boosts the low dc voltage to higher dc
voltage, and a second stage that converts the dc output
voltage of the ﬁrst stage to grid-compatible ac voltage.
The two-stage scheme can be used for applications with
wide input range because the ﬁrst stage regulates the input
voltage, but this scheme suffers from high cost and low
efﬁciency [5]. As an alternative approach, a single-stage
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scheme has been suggested; it consists of one stage which
converts the low dc output voltage of solar panel to gridcompatible ac voltage. This scheme uses fewer devices
than the two-stage scheme does, and can expect low cost
and high efﬁciency [6].
Numerous studies have been conducted on the singlestage micro-inverter. A ﬂyback topology based microinverter is known to be more competitive than other
topology based circuits because it is simple, cheap, high
efﬁcient, and comes with isolation property. The ﬂyback
inverters can operate in discontinuous conduction mode
(DCM) or continuous conduction mode (CCM). Compared to ﬂyback inverter in DCM operation, the ﬂyback
inverter operating in CCM enjoys lower current stress and
higher efﬁciency. However, the CCM scheme is difﬁcult
to control because the transfer function from the control
input to the output current has a right-half-plane zero
(RHPZ), which depends on the system operating point.
In ﬂyback inverter under CCM operation, the controller
should minimize the effects of RHPZ, because the widely
varying RHPZ generates delay and degrades tracking
speed [7]. Thus, the conventional controller cannot accurately control the ﬂyback inverter in CCM.
To overcome the problem, a time-delay controller
(TDC) is proposed for the ﬂyback inverter that operates
in CCM. The TDC consists of a time-delay estimator
and linear controller. The time-delay estimator estimates
unknown dynamics and disturbances and can be used to
cancel them. The linear controller helps the closed loop
system follow the desired dynamics. The TDC allows
the ﬂyback inverter in CCM to perform better than the
previous ﬂyback inverters do. To minimize the error that is
produced by the time-delay estimation (TDE), the control
system is designed to be operated in high switching
frequency. Numerical simulations were performed to test
the proposed TDC.
This paper is organized as follows. In Section II, the
ﬂyback inverter is modelled. In section III, a block diagram of the proposed controller is derived. The simulation
results are shown in Section IV and experimental results
are shown in Section V. Finally, the conclusion is drawn
in Section VI.
II. P ROBLEM FORMULATION
The input current is drawn from the PV panel to the
ﬂyback converter (Fig. 1). The H-bridge forms an unfold-
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method, the averaged model can be described as in [1]
⎤
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The schematic diagram of the ﬂyback converter.

where Dc (t) is the control duty.
Rearranging the right-hand side of (3), we have

Rpv

Llk

Np : Ns

D

iLm
Vcf

Cin

Vcin

Rf

(4)
ẋ(t) = A · x(t) + B(t)uc (t) + E · v(t),
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Fig. 2.

where x(t) = [vCin (t), iLm (t)]T , uc (t) = Dc (t), and
v(t) = [Vpv (t), vg (t)]T are the state vector, control input
vector, and disturbance vector, respectively.
In steady-state under CCM, using the volt-second balance method to compute the magnetizing inductance Lm
over one switching period Ts , we can obtain the nominal
duty ratio Dn (t) of the primary switch S1 :

The second-order model of the ﬂyback converter.

Dn (t) =
ing circuit that unfolds the rectiﬁed sinusoidal current and
supplys the resulting full sinusoidal ac current to the grid.
An output ﬁlter reduces the harmonic components in the
ac current.
The state-space equations that corresponds to the turnon and turn-off periods can be expressed in the following
equations, respectively,

 
 ⎡v (t)⎤
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(5)

The nominal duty ratio Dn (t) performs to attenuate
disturbances due to the grid voltage vg and PV voltage
Vpv . The control duty Dc (t) then becomes Dc (t) =
D(t)+Dn (t) where D(t) is TDC duty, which is the TDE
output as shown in Fig. 3. Since the nominal duty has
been applied to the dynamic system, (4) can be rewritten
as
ẋ(t) = A · x(t) + B(t)u(t) + E · ṽ(t),

(6)

where u(t) = D(t) and ṽ(t) = v(t) − v̂(t), v̂(t) is the
estimated value of v(t).
Multiplying B+ (t) on the both side of equation (6),
and rearranging the above equation, we have
u(t) = B+ (t)ẋ(t) + H(t).

(7)

where B+ (t) = (BT (t)B(t))−1 · BT (t), H(t) =
−B+ (t)A · x(t) − B+ (t)E · ṽ(t).
III. C ONTROLLER DESIGN

(2)

vCin (t)
,
iLm (t)

where iLm is the current through the magnetizing inductor, vCin is voltage across the capacitor, iLf is the current
through the output inductor, vCf is the voltage across the
output capacitor (Fig. 2).
Combining (1) and (2) using the state-space averaging

Let the desired trajectory be denoted by xr (t). The
control objective is to design a control law which x(t) is
able to follow xr (t). Deﬁning e(t) = xr (t) − x(t), we
ﬁrst select the target error dynamics as
ė(t) + Kp e(t) = 0,

(8)

where Kp = diag(kp1 , kp2 ) is the proportional control
gain that makes (8) become asymptotically stable.
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Fig. 3.

The schematic diagram of the proposed controller. Gid is the control-input to output-current transfer function.

The resulting control input is described as

Let the control law be
u(t) = B+ (t)(ẋr (t) + Kp e(t)) + Ĥ(t),

(9)

where Ĥ(t) denotes the estimate of H(t). If Ĥ(t) completely estimates H(t), the target error dynamics (8) can
be achieved, However, since the parameters in ﬂyback
converter dynamics are unknown and time-varying, it
is not a trivial task to estimate H(t). The time-delay
estimation technique is one of the preferred techniques
that can be adopted for this situation. From (7), H(t) can
be estimated as
Ĥ(t) = H(t − L)
= u(t − L) − B+ (t) · ẋ(t − L),

(10)

where L is the time-delay (Fig. 4). It only needs timedelayed information of the state derivatives and the control input, and hence it is computationally simple and
easy to implement. Substituting (10) to (9), we have the
complete control input

+

IV. S IMULATION
To demonstrate feasibility of the developed controller,
we conducted various computer simulations with a prototype model that is built using the parameters in Table I
and simulated the proposed control scheme using PSIM
software.
A conventional proportional controller cannot accurately control the ﬂyback CCM inverter due to the existence of RHPZ. To solve the problem, a high gain
controller can be used. However, as shown in Fig. 5,
the system built with the high gain controller shows a
large oscillation in CCM region when the controller gain
increases from Kp = [0.05 0]T to Kp = [0.08 0]T .
To overcome the limitation of the proportional con-

u(t) = B+ (t)(ẋr (t) + Kp e(t)) + u(t − L)
− B+ (t) · ẋ(t − L).

+

u(t) = B (ẋr (t) + Kp e(t)) + u(t − L) − B · ẋ(t − L).
(12)

(11)

The overall control scheme is composed of three parts: the
linear controller term that drives the closed-loop system
to follow the target dynamics; the feed-forward term that
attenuates the effect of disturbances on the system; the
TDE term that eliminates the uncertain dynamics and
remaining disturbances (Fig. 3). Remark 1. Even the CCM
ﬂyback PV inverter is bound to operate in both DCM
and CCM operations; it inevitably operates in DCM at
low instantaneous power level although it is designed to
operate in CCM at rated power or above a certain power
level. In the region of CCM, the input voltage is almost
constant, and the output voltage varies in the small range.
+
Then, we can simply use the constant input gain B for
easy implementation. As shown in Fig. 4, the waveform
of magnetizing current in regions 1 and 2 are so similar
that the time-delay estimation technique can be adopted.
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TABLE I
PARAMETERS AND COMPONENTS OF THE PROTOTYPE .
Parameters
Voltage of solar panel
Grid voltage
Grid frequency
Transformer turns ratio
Magnetizing inductance
Leakage inductance
Switching frequency
Input resistance
Input capacitance
Filter inductance
Filter capacitor resistance
Filter capacitance
Filter inductor resistance
Output power
Components
MOSFET
Unfolding Switch
Transformer core
Diode

Symbols
Vpv
Vg
f
Np :Ns
Lm
Llk
fs
Rpv
Cin
Lf
Rf
Cf
Rcf
PO
Symbols
S1
S2 − S 5
T
D

Value
60 V
220 Vrms
60 Hz
1:3.5
60 uH
0.7 uH
50 kHz
0.1 ohm
1000 uF
0.5 mH
0.1 ohm
0.68 uH
0.1 ohm
250 W
Part number
IPP200N25N3G
IPP60R074C6
PQ3535
C2D05120A
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The waveform of the magnetizing current in a single period in CCM.

be improved. However, we can observe small oscillations
at the peak current and at the DCM/CCM boundaries as
in Fig. 6. They may severely increase the total harmonic
distortion (THD) of the output current. To reduce these
oscillations, we adopt the TDC can be adopted. As shown
in Fig. 7, the proposed controller suppresses oscillations,
and so the THD of the output current decreases. The TDE
control input is shown in Fig. 8.
In the presence of the grid harmonics, the nominal

Fig. 5. Waveforms of the output current (red) and the desired output
current (blue) when the proportional controller is used.

Fig. 7. Waveforms of the output current (red) and the desired output
current (blue) when the proposed algorithm is applied.

Fig. 6. Waveforms of the output current (red) and the desired output
current (blue) when the proportional-integral controller is used.

troller, we can use a proportional-integral controller when
the gains of proportional-integral controller are set to
Kp = [0.05 0]T and Ki = [85 0]T . An integral controller generates the control input to compensate the grid
voltage disturbance so that the control performance can

duty cannot sufﬁciently attenuate the effect of grid voltage disturbance. Thus, when the conventional controller
(Kp = [0.06 0]T , Kp = [85 0]T ) is used, the output
current cannot track the desired output current (Fig. 9),
but, when the proposed controller is used, the output
current tracks the desired output current better (Fig. 10).
The TDE control input is shown in Fig. 11.
Fig. 12 shows the simulation results when the output
power is unexpectedly changed from 200 W to 150 W.
The power variation occurs at the peak current, and the
output current immediately follows the reference current
when the proposed controller is used. The TDE control
input is shown in Fig. 13.
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Fig. 8.

Waveforms of the TDE control input.

Fig. 10. Waveforms of the output current (red) and the desired output
current (blue) when the proposed controller is used.

Fig. 9. Waveforms of the output current (red) and the desired output
current (blue) when the feedforward and linear controllers are used.

Fig. 11.

V. C ONCLUSION
This paper proposes a time-delay controller for ﬂyback
inverter in CCM operation. It is simple in structure, highly
efﬁcient, and cost effective. In contrast, the conventional
controller shows poor control performance due to slow
and delayed response in CCM operation. Feasibility of
the time delay controller was demonstrated using the
simulation results.
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