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This research aims to provide a comprehensive review of various CCM control strategies for 

flyback inverters. The study is carried out based on published data in reports, papers, and other 

available online documents. The introduced control strategies make use of different approaches 

to dominate the constraints on determining the feedback control system gains caused by the 

zero put on right-half-plane (RHP) and dynamics of the LC filter. Thus, the tracking of the 

considered output current is accurately implemented and the introduced control systems carry 

out the attenuation of disturbances. Moreover, zero steady-state error and the stability 

requirements are fulfilled by properly regulating the control signal. The best control structure 

should be enough fast to employ the fewest number of delays in its structure resulting the 

burden in the computational system being considerably decreased.  

 

 

NOMENCLATURE  
 

Ae Core cross-sectional area  KI Integral gain. 
AL No gap Inductance factor. Lm Magnetizing inductance. 
Bsat Saturation flux density. n (Ns/Np) Turn ratio of the flyback transformer. 
dmax The peak value of the converter duty cycle for DCM state. N (fs / fg) Control system delays number. 

fg Frequency of utility voltage. Ns Semiconductors total number. 
fs Switching and sampling frequency. Pavg       The average value of output power 
ig Current of grid. Rpv           The dynamic resistance of PV 
Iavgpri,s The average current value associated with the primary side of the 

transformer in a switching cycle. 

Ts               Period of switching 

Iavgpri,g The average transformer primary current in half of the utility 

cycle. 

vg Voltage of grid 

ipri The transformer’s primary side current. Vrms Grid voltage RMS value 
Irms Grid current RMS value. Vm The maximum value of utility voltage 
Ipv Photovoltaic (PV) module output current Vpv The PV panel voltage. 
kr Repetitive controller gain. ω The utility voltage angular frequency. 

  

I. Introduction 

By enhancing the importance of energy derived from natural 

sources, photovoltaic (PV) devices have been broadly used in 

different scopes. The utility-tied photovoltaic systems can be 

grouped into three main category: the centralized, string, and ac 

 
 

module systems [1]-[6]. Between these systems, the low-power 

inverter that is stated ac module system or micro-inverter is placed 

on every photovoltaic system, providing the exclusively tracking 

the maximum power point (MPP). Consequently, the losses of 

power owing to inconformity of photovoltaic module and regional 

shading can be decreased [7]–[11]. In addition, the characteristics 
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like simpler preservation and high value of the micro-inverter 

reliability are another advantages of them [12]-[17]. Therefore, the 

above aspects result the ac-module a suitable method for renewable 

power generating systems for future times.  

While at the nominal power the flyback converter works in 

CCM in a PV micro-inverter system, entering the DCM at 

momentary output powers with low values or when decreasing the 

solar irradiation is an unavoidable phenomenon. Thus, a hybrid 

operation mode can be considered for the flyback micro-inverter 

working in the whole utility cycle. The system with low gain is an 

intrinsic specification of DCM operated flyback converter. As a 

result, a high gain for the feedback control system should be 

applied for proper reference signal tracking and complete 

attenuation of the disturbances. However, the limitation put on the 

control system gain as a result of zero placed on the right-half-

plane (RHP) in CCM while applying the usual PI controller is 

unavoidable. As a consequence, it results in power quality being 

unacceptable and the total harmonic distortion being high (THD) 

due to inaccurate DCM control system performance [18], [19]. 

This is the main factor for the hybrid mode confined usage of the 

flyback converter contrary to its outstanding specifications in 

micro-inverter applications.  

 Solving the above matter, the static reference frame 

proportional resonant (PR) controller [20– 22] and the digital 

repetitive controller [23–25] are reported in the literature. 

However, the simple approach, little error in steady-state, and little 

burden in the computational system are some benefits of the PR 

controller. The decline with the exponential state as a reaction of 

step change is an example of the constraints of the above controller. 

In addition, the sensitivity to the variable frequency changes of 

repetitive signals and the phase shift instability appearing in signals 

that are measured are other PR controller disadvantages [20–22]. 

Dealing with periodic signals, the repetitive control method is an 

efficient scheme. Bode plot infinite amplitudes of this control 

system at harmonics of the main frequency can result in controller 

instability. Contrary to different solutions that have been suggested 

to solve this matter, these schemes suffer from other constraints, 

such as unacceptable performance responding to disturbances with 

a non-intermittent nature, slow dynamic response, and vast 

requirements for memory space [23–25].  

The harmonic control array (HCA) method that has been 

introduced lately, is an appropriate scheme to control systems with 

intermittent temper such as disturbance and/or reference signals 

[26-28]. Compensating periodic control signal is easily generated 

by applying this control scheme, tracking or rejecting considered 

harmonic components. Moreover, the system gain at the utility 

frequency and its multiples can be augmented by applying the 

HCA method. In the mentioned approach, the harmonic contents 

of the reference and control signals are calculated by using the 

integral of the Fourier series [26-28]. So, to implement this scheme 

several delays considering switching frequency should be 

employed. These delays sometimes cause the system’s dynamic 

response to be unstable and very slow. 

 In this study, we suggest using the filtered signal instead of 

applying sluggish or intricate schemes controlling the flyback 

inverter in the CCM state. The selected structure is very easy to 

implement and also fast which enhances the control system gain at 

the utility frequency and corresponding harmonics to boost the 

tracking operation in both DCM and CCM operation states. Part II 

concisely investigates the steady-state performance of the two-

switch flyback converter. Section III analyzes the control issue and 

the various control schemes tackling it.  

 

II. The two-switch flyback inverter analysis in 

steady-state  

An Illustration of the flyback two-switch ac-module main circuit 

is shown in Fig.1 which is composed of the flyback two-switch 

inverter with turn ratio n (Ns/Np), decoupling capacitor Cin,  a 

current source inverter (CSI) (Sac1 – Sac4), and an output filter. The 

switches (S1,2) of the flyback inverter operate concurrently with 

high-frequency to transmit the power of the photovoltaic system to 

the grid. The sinusoidal waveform is obtained from the rectified 

one by employing the CSI and injecting it into the grid.  

The turned-on switches Sac1 and Sac4 operate as the utility positive 

voltage reaches. In the same way, when the negative voltage of 

utility reaches, Sac2 and Sac3 are turned on. Fig. 2 illustrates the 

inverter’s main waveforms. While each switching period Ts is 

enhanced, the current of magnetizing inductance iLm in DCM 

becomes zero and the transformer is completely demagnetized. As 

soon as the next switching cycle starts in CCM operation, and 

within a switching cycle, the current in magnetizing inductance iLm 

is non-zero. 

By assuming the lossless operation of the system and by noting 

the balance of power over the utility period, the output power of 

the PV module is expressed as [29] 
 

𝑃𝑝𝑣 = 𝑉𝑝𝑣𝐼𝑎𝑣𝑔𝑝𝑟𝑖,𝑔 = 𝑉𝑝𝑣𝐼𝑝𝑣 = 𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠 = 𝑃𝑎𝑣𝑔 (1) 
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Fig. 1. The flyback two-switch micro-inverter configuration. 

 

In a switching period, by employing the power balance equation, 

the converter output power can be shown as  

𝑃𝑜𝑢𝑡(𝑡) = 𝑉𝑝𝑣𝐼𝑝𝑟𝑖𝑎𝑣𝑔,𝑠 = 𝑣𝑔(𝑡)𝑖𝑔(𝑡) 

         = 2𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠 𝑠𝑖𝑛
2(𝑤𝑡) = 2𝑃𝑎𝑣𝑔 𝑠𝑖𝑛

2( 𝑤𝑡) 

 

(2) 
 

In half of the utility period Th , the average value of the primary 

current of the transformer is expressed as 

sm

pv
T

pri
h

gavgpri
fL

dV
dtti

T
I

h

4
)(

1 max
2

0

, ==   (3) 

Therefore, the calculation of the photovoltaic system output 

power is obtained as 
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22
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Employing the derived equation in (4) we can determine the 

duty ratio in DCM as follows 

)sin(
2

)sin()( max tfLP
V

tdtD smpv
pv

DCM  ==  (5) 

The duty ratio and turn ratio n are not dependent in the DCM 

case but the duty ratio is affected by Lm and input power at given 

specifications in addition to selected frequency fs. The maximum 

amount of the primary current in DCM by applying equation (5), 

is expressed as 

)sin(2
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fL
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tDV
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sm

DCMPV
pkDCMpri ==  (6) 
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Fig. 2. The main waveforms of the flyback inverter[37] 
  

Operating the converter in CCM, by using the inductor voltage–

seconds law in a switching cycle for Lm, the duty ratio in CCM can 

be derived as [29] 

tVnV

tV
tD

gpv

g
CCM





sin

sin
)(

+
=  (7) 

However, the converter duty cycle operating in CCM is 

impressed by the turn ratio n, it doesn’t change with input power. 

The critical magnetizing converter inductance determining the 

CCM and DCM performance is expressed as  

2)1/(

1

4 +
=

mpvspv

pv
mcri

VnVfI

V
L  (8) 

As shown formerly, operated in DCM, the 𝐼𝑝𝑟𝑖 peak magnitude 

is obtained as (6). Operating in CCM, as illustrated in Fig. 2, to 

obtain the primary current maximum value ICCMpri,pk , adding the 

two components the mean value of magnetizing current ILm and the 

ripple component ΔiLm of that are necessary. Turning on the main 

switch S1, the primary current is equal to the magnetizing current. 

As a result, by dividing the average primary current and the duty 

cycle, the magnetizing inductance current average value can be 

obtained. Thus, the magnetizing inductance current average 

amount and its ripple component can be expressed as 

)(
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i
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Thus, the maximum amount of primary current ICCMpri,pk is 

obtained as 
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 (10) 

At different output powers, the duty cycle variation over half a 

utility period is illustrated in Fig.3 at specified quantities of fs, Lm , 

and n. As shown in this scheme, for defined specifications, 

corresponding to the output power the duty cycle is increased by 

employing the fixed input voltage. The inverter operates in DCM 

if the momentary duty cycle at DCM operation mode is lower than 

the curve of CCM specified with the transformer turn ratio n in 

Fig.3; otherwise, the CCM operation mode is enabled. At a specific 

power, the CCM duty cycle doesn’t intersect with the DCM curve, 

so the inverter operation is carried out only in the DCM state. 

 

III. The flyback ac-module control structure analysis 

A. The flyback ac-module control issue 

Time-varying performance and nonlinearity are characteristics of 

flyback inverter. However, by considering small changes around  its 

operating point it can be considered as a system with a linear time-

invariant nature. As a result of changes in the performance, appropriate 

transfer functions should be derived with regard to each state. Good 

tracking performance and stability should be considered by the 

controller in various operating states. Unavoidably working in DCM 

at low power conditions of the inverter, the transfer function of control 

to-output current can be determined as  
 

ms

avg

rms

pv
DCMid

Lf

P

V

V
G

2
=−  (11) 

 This relation specifies a gain with a low value in all frequencies. 

Having accurate and fast reference tracking and rejection of 

disturbances performances, the gain of the feedback controller 

should be enough high in the DCM state. Operating in CCM, the 

transfer function of the converter can be shown as [30] 

pvCCMmminpv

CCMid
RDsLLCRs

KNsMs
G

22

2

)( ++

++
=−  (12) 

 

where 
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Observing the relation of (12), G id-CCM has a zero put on RHP that 

places limitations on the feedback controller gains satisfying the 

system stability. Depending on the operating point of the system the 

RHP zero obtains various quantities. Transferring the maximum 

power, the minimum value of  RHP zero occurs at the maximum value 

of grid voltage. All the operating points should be covered by the 

converter’s controller, lowering the feedback control system. 

Moreover, the poles of the operating system are calculated as 

 

minpv

minCCMPvm

inpv
CCMid
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LCDRL
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2
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 (14) 

 

 

Fig. 3. Variations of duty cycle during half a grid period for CCM and 

DCM 

 
Fig. 4. Placement of Pole-zero for various operating points 

 

 

 

 

 

TABLE 1   CHARACTERISTICS OF POLE-ZERO FOR FOUR 

VARIOUS PERFORMANCE STATES 

Op. 
point 

D 

(%) 

Pout 

(W) 
LmI

(A) 

Vm(V) Zeroes Poles 

1Opt   

35.01 

300  

17.13 

269.33 

138

1086.4

2

5
1

−=

=

Z

Z
 

-78.1+/-

j1780 

2Opt   

30.55 

200  

13.09 

219.9 

144

1036.6

2

5
1

−=

=

Z

Z
 

-78.1+/-

j1560 

3Opt   
23.72 

100  
8.43 

155 

150

1088.9

2

5
1

−=

=

Z

Z
 

-78.1+/-
j1210 

4Opt   

14.55 

30  

4.12 

85.17 

154

1002.2

2

6
1

−=

=

Z

Z
 

-78.1+/-

j739 

 

According to the calculated relation of (12), the pole-zero scheme is 

demonstrated in Fig.4. The elaborate analysis of these operating points 

is also mentioned in Table I. As it is shown, decreasing the output 

power with instantaneous nature, moving the poles toward the real axis 

and moving away the zeroes from the origin. From the pole/zero 

distribution of the system, a non-minimal phase specification due to 

zero put on RHP is also observable. In addition, the oscillatory of the 

system is observable by increasing the instantaneous output power. 

Compensated system Bode plots utilizing the usual PI controller 

with two various proportional gains are illustrated in Fig. 5. Table II 

lists the parameters employed in this study. Satisfying the constraint 

considering the minimum RHP zero of the inverter, the proportional 

gain of the controller should be sufficiently low.   

In this regard, the gain of the system in the main frequency and 

its multiples in DCM is lesser than in CCM. This causes the flyback 

converter incapable of implementing reference tracking and rejecting 

the disturbances set by the photovoltaic system and utility in DCM. 

The proportional gain of the controller can be increased to solve this 

problem. However, the gain of the control system in all frequencies is 

increased which can make the system unstable as a result of system 

gain constraint regarding RHP zero. Thus, to design the flyback 

controller system, choosing the proper gains of the PI controller is a 

big problem. Various control approaches have been introduced in the 

literature to solve these control issues which are explained in the 

following part. 

 

TABLE 2   PARAMETERS OF THE EMPLOYED FLYBACK AC-

MODULE 

Parameter value Unit 

Turn ratio of transformers (Np/Ns) 1/10  

Utility voltage and frequency 220/50 V/Hz 

Power of output 200 W 

Sampling and switching frequency 100 kHz 

Input voltage (Vpv) 50 V 

Magnetizing inductance Lm 15 μH 

Leakage inductance Llk 0.3 μH 

Capacitor Cin 6.4 mF 

Inductor Lf 3 mH 

Capacitor Cf        0.66     μF 

Core type  EE42 

Rectifier diode D3 IDP12E120 

Clamping diodes D1, D2 22GQ100 

Main switches     S1, S2 IPB107N20N3G 

Unfolding bridge switches Sac1-Sac4 IRFP450B 
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(a) 

 
(b) 

Fig. 5. The maked-up system Bode plots when the usual PI controller 

is employed. (a) DCM state. (b) CCM state 

  

B. The Usual Control Systems of Flyback Micro-inverter  

Improving the stability of the inverter, the usual control system of 

the flyback ac-module with the repetitive controller is illustrated in Fig. 

6[19]. This control structure preserves the gain of the system high at 

only the low-frequency region, enhancing the output current tracking 

performance, while preventing the disturbances of grid voltage at 

the main and low-order harmonic frequencies. In addition, to 

compensate for the system phase lag in the repetitive control 

structure, the phase lead compensator is also employed. The above 

controller is obtained as  
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Fig. 6. Repetitive control structure (a) Bode plot (b) Control 

block diagram [19] 
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Q(z) is the low-pass filter, and Gpl (z) is the system phase lead 

compensator. As Fig. 6 (b) illustrates and expressed in (15), the 

control system’s large delays cause the dynamics of the system to 

be slowed down and may lead to system instability. Moreover, the 

Bode plot infinite amplitudes of this controller at harmonics of the 

main frequency can cause instability of the control system. 

Indirectly controlling the output current [Fig.7] which controls 

the input current of the converter is applied in [29], [34] and [35]. 

Concerning fast and proper reference tracking performances, it is 

not as efficient as direct control schemes. Subharmonics 

phenomena and bifurcation are observable in the charge control 

approach under certain operating conditions [36]. Mitigating the 

oscillation and unsuitable operation of the usual control structure, 

a fourth-order model of the converter has been derived in [30]. This 

model of the converter including the output filter is calculated as  

MHsFsEss

CBsAsps
G CCMid

++++

+++
=− 234

23

 (16) 

 

Where A, B, C, E, F, H, M,and p are calculated in [30].The bode 

plot comparison of second and fourth-order models is shown in 

Fig. 8. As it is shown, the fourth-order model shows a resonant 

peak and sudden phase drop at a specified frequency. Thus, 

designing the appropriate controller including the output CL filter 

can be a big challenge. Employing the lag term with a conventional 

PI controller is proposed in this paper. The damping term is derived 

as 

𝐶𝑙𝑎𝑔 =
1

2.5 × 10−5𝑠 + 1
 (17) 

 

The proposed controller is shown in Fig.9 and the bode plot of 

the compensated system is illustrated in Fig. 10. Although the 

suggested design structure of the decoupled two-stage 

controller is systematic way, it is a process with intricate and 

Time-consuming nature to determine the lag term appropriately 

and precisely. 
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Fig.7.Controlling the flyback converter with an indirect manner[29] 

(a) Control block diagram(b) Detailed control system 

  

 
Fig.8. The bode plot comparison of second and fourth-order models 

[30] 
 

 
Fig.9. The proposed control system in [30] 

 
Enhancing the stability of the usual flyback ac-module control 

system with the PR controller has been illustrated in Fig. 11. By 

applying the PR controller with HCs (harmonic compensators), 

high gain at the main frequency of the utility and its harmonics is 

reached. In addition, the bandwidth in DCM is enhanced. Thus, 

tracking of the reference and rejecting the disturbances as well as 

the suitable stability in both DCM/CCM states are fulfilled [18], 

[38]. The above controller with resonant gain krf, proportional gain 

kp ,and cut-off frequency ωc is expressed as 

22 2

2
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
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++
+=

ss

sk
ksC

c

crf
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Putting the HC to the mentioned system, the errors of the 

considered harmonic frequencies can be alleviated, and its transfer 

 

 
Fig.10. The bode plot of the compensated system [30] 

 
function with the resonant gain for each harmonic krfl is expressed 

as  
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As expressed in Fig. 11 (b) and stated in (18) and (19), slowing 

down the dynamic of the system and the possibility of unacceptable 

effects on the operation of the system are the consequences of 

adding multiple harmonic frequencies to the controller. In addition, 

the availability of the infinite amplitudes in the controller’s Bode 

diagram at considered harmonic frequencies can result in 

instability of the control system. 

Fig. 12 shows another flyback micro-inverter control system that 

can be employed [27]. Employing a gain with great value at the 

frequency of the grid and its harmonics without a high proportional 

gain is the property of the current control system with a harmonic 

control array (HCA) structure. Thus, in this scheme, the reference 

signal is tracked easily with zero error in steady-state accompanied 

by the satisfaction of the appropriate CCM stability. Three stages 

of this control approach are determined as: 
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(20) 

  

 
2- The assembling unit to collect harmonics 
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3- The controller section to control the whole process 

 

][][][ nEKneKnf Ip +=  (22) 

As it is shown in Fig. 12 and (20)-(22), several large delays are 

employed in the HCA control system that slow down the dynamics 

of the converter, and the stability of the system can be affected. 
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Moreover, the requirement of large memory space is another 

challenge of this approach. 

C. Selection of the best control approach 

As stated, the usual control systems present unacceptable 

performances concerning the aforementioned converter control 

problem. To have a proper and stable performance in hybrid 
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Fig. 11. Control structure of PR (a) Bode plot 

(b) Control block diagram [18] 

 

 
CCM/DCM state, the main solution is selecting the controller gains 

proportional to frequency.  As a result, we suggest a very simple but 

highly effective control structure that has been introduced in [37]. 
A PI control system accompanied by a low pass filter that permits 

only the main frequency and its low order harmonics to go across 

the system. The suggested control structure has a significantly fast 

response that is performed easily in the low-frequency section with 

a large proportional gain. As a result, proper implementation in 

both CCM and DCM states is guaranteed. The employed filter with 

low pass characteristics in the suggested system is determined as 
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where
cf


2

1= with cut-off frequency )(Hzfc
. The suggested 

control scheme is illustrated in Fig. 13 whose simplicity and fast 

response are superior to the other control approaches such as 

repetitive controller, PR as well as HCA. The compensated system 

Bode plot with the presented control system is illustrated in Fig. 

14. It is shown that the high gain at low order harmonics with the 

suggested control system is provided modifying the tracking speed 

and disturbance rejection performances accompanied with stability 

in both CCM and DCM operation states.  

Various CCM control approaches employed in flyback ac-module 

are compared in Table III. As it is shown, the best tracking speed 

is presented with the aforementioned control structure and also it 

applies a little burden in the computational system approximately 

between all of the other control approaches. Moreover, the primary 

switches’ voltage stresses are limited to the DC input voltage 

employing the two-switch scheme of the converter leading to using 

the switches with low voltage rating with low conduction losses. 

 

IV. Conclusion 

This paper presented a detailed survey of the various control structures 

introduced to solve the problems that come from the control to output 

current transfer function zero put on the right-half-plane (RHP) in the 

flyback micro-inverters. The working principle of each structure, 

features, restrictions, and recent status were investigated. As a general 

result, a PI controller with a low pass filter has a better performance 

against different types of control systems. In the mentioned control 

scheme, a high system gain at the main frequency and its multiples 

is provided with the usual PI controller accompanied by a low-pass 

filter. The usual control problem existing in flyback ac-modules 

operated at CCM is solved with this control system. It imposes an 

accurate and suitable DCM tracking operation and acceptable 

CCM stability. Also, the selected control approach presents little 

burden in the computational system and has a suitable dynamic 

response that does not exist in the usual control systems. 

Furthermore, the disturbances are better rejected and tracking of 

reference in conjunction with the other control systems is faster 

implemented.  
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Fig. 12. The control scheme for HCA-based system [27] 
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Fig. 13. The suggested control approach in [37] 

 
TABLE 3 

THE COMPARISON OF VARIOUS CCM CONTROL APPROACHES EMPLOYED IN FLYBACK AC-MODULE 
Approxim

ate power 

[W] 

Effici

ency 

(%) 

THD 
(%) 

MPPT 
Voltage 

range 

(V) 

MPPT 

efficiency 
(%) 

Power 
factor 

Voltage 

stress of 

main 

switches 

Memory 

space 

requirement 

Tracking 
speed 

controller Control 
parameter 

Reference 

200 96.1 2.4 40-80 & 

Vmpp=60 
- - VPV+Vm/n large medium PR+HC Output current [18] 

200 96.3 2.4 Vmpp=60 98.5 - VPV large low repetitive Output current [19] 

200 87.4 <5 Vmpp=27 98 0.99 VPV+Vm/n small medium type II Input current [29] 

200 95.7 4 25-55 & 

Vmpp=55 
- - VPV +Vm/n small high type II Output current [30] 

200 96 2.9 Vmpp=48 - - VPV large low repetitive Output current [33] 

200 90 5 Vmpp=35.6 99.5 - VPV+Vm/n small medium type II Input current [34] 

200 86.8 - Vmpp=27 98 0.99 VPV+Vm/n small medium type II Input current [35] 

200 - 1.56 20-27 & 

Vmpp=27 
98 0.99 VPV +Vm/n small medium Charge 

control 
Input current [36] 

200 96.1 - Vmpp=50 - >0.98 VPV small high PI Output current [37] 

200 - 2.34 - - - VPV+Vm/n large medium PR+HC Output current [38] 

200 94.5 2.27 Vmpp=38.9 - - VPV+Vm/n large medium PR+HC Output current [39] 

200 - 2.1 Vmpp=28.7 - - VPV+Vm/n large medium PR+HC Output current [40] 
  

  
(a) (b) 

Fig. 14. Open-loop Bode plots of the maked-up system by the selected appropriate controller. (a) In DCM. (b) In CCM 
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