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Abstract 

This paper proposes modified modulation and control schemes for power decoupling of single-stage single-phase Cuk inverter 

in continuous conduction mode. Because it has inherent two inductors at the input and output side, the Cuk inverter is able to 

step up/down the voltage with reduced input and output current ripples. Thus, smaller filtering capacitance, especially at the 

input side, can be used which increases its suitability for photovoltaic applications. For the maximum power point tracking 

control, the oscillating even order harmonic components should be eliminated from the inverter’s input side otherwise the 

maximum power cannot be extracted.  The proposed modulation scheme will ease the control of inverter’s input and output 

sides. Therefore, the 2nd order harmonic in the input current can be eliminated without adding new active semiconductor 

switches. In addition, the paper presents a control scheme using fractional-order repetitive control with a conventional 

proportional-resonant controller. With this closed-loop controller, a sinusoidal output grid current can be generated and 

controlled while the input current is kept constant with time. 

1 Introduction 

The fast growth of distributed generation (DG) systems creates 

a promising opportunity for more dependency on renewable 

energy systems (RESs) to reduce the global warming threats 

[1]. Moreover, DG systems improve the electrical power 

quality and can play an important role in increasing the 

efficiency and the reliability of the networks [2]. In such 

decentralised systems, module integrated converters (MICs) 

are usually employed to convert the input dc voltage and 

current to ac components and inject the generated current into 

the local grid [3]. Therefore, reducing the size and increasing 

the efficiency of these MICs are crucial for the RESs 

development.  Among many inverter topologies, the Cuk 

inverter has been used in RESs for many reasons. The Cuk 

converter is current-sourced at both input and output sides and 

therefore it can reduce the required filtering elements. For 

other voltage-sourced converters, such as the conventional 

buck voltage-source inverter (VSI), a large capacitor is 

required at the input side to filter the input current (output of 

the RE source) in order to make it suitable for RESs especially 

photovoltaic (PV) systems. As shown in the typical PV curve 

in Fig.1a, the input current should be constant with time in 

order to achieve the maximum point tracking (MPPT) 

operation. 

The Cuk dc/dc converter, and its ac inverter descendants, can 

generate output voltages higher or lower than the input 

voltages and hence they provide more flexibility for the control 

scheme. Also, the Cuk converter is suitable for isolation with 

small-size high-frequency transformers (HFTs) which gives an 

additional ability for voltage boosting, helps to eliminate the 

electro-magnetic interference (EMI) and grounding issues, and 

allows for modular configurations as shown in Fig. 1b.   

 

Because of the aforementioned features, several ac 

descendants for the Cuk converter have been proposed in the 

literature as three-phase inverters or rectifiers [4]-[5] and 

single-phase inverters [6]-[8]. The published single-phase Cuk 

inverters can be categorized into three main types. The first is 

the differential Cuk inverter as presented in [6] and [9], the 

second is the unfolding-type Cuk inverter which has been 

proposed in [7], and the third is the bridgeless Cuk inverter 

proposed in [8]. In all these types, only one switch is 

responsible for generating the output voltage/current. 

Therefore, it is only possible to control either the output or the 

input sides. Usually, the output side voltage/current is 

controlled while the input side is left uncontrolled. Because of 

the oscillating power nature in ac single-phase operation, the 

input current will be composed of a dc plus a 2nd order 

harmonic component if only the output side is controlled. It is 

can be deduced from Fig. 1a that the operational points with 

the time-variant input currents will be oscillating between the 

points 2 and 3 of the PV curve. This causes the power to be 

oscillating between points 4 and 3 which prevents the MPPT 

from achieving the maximum power and increases the 

temperature of the PV module, and decrease its lifetime [10]-

[14]. 

In this paper, the Pulse-width Modulation (PWM) of the Cuk 

inverter in Fig. 2 has been modified in order to employ the 

output bridge’s switches in the current shaping and not only as 

directors. Thus, an additional degree of freedom is created and 

the inverter operates as a tri-state Cuk (TS-Cuk) inverter in 

order to control both input and output sides. In this way, the 

TS-Cuk inverter will be able to generate ac output voltage and 

current at 50/60 Hz while keeping the input current constant 

with time for the MPPT operation. 



2 
 

 
a 

 
b 

Fig. 1. Grid-connected PV system: (a) I-V curve and (b) 

Modular configuration 
 

 

 
Fig. 2. The proposed TS-Cuk inverter. 

 

2 Inverter’s operation 

It will be assumed that the inductors L1 and L2 are large and 

hence the inverter operates in CCM. The inverter’s switches 

S1→S5 have antiparallel diodes D1→D5. 

 

2.1 Modulation scheme 

 

The operation of the TS-Cuk inverter can be classified into 

three modes. Assuming that the grid current (ig) is positive, the 

inverter’s operation during one switching cycle (ts) can be 

explained as: 

▪ In the first mode (MI: 0 ≤ t < toff), S1 is turned OFF 

while one of the switches S2 or S5 is ON. The input current iin 

decreases and flows through C1 which stores energy, see Fig. 

3a and Fig. 4.  The current (io) flows through D3, S5, (or D4 and 

S2),  L2 and C3 causing ig to decrease. When ig is negative, io 

flows through S3 and D5 (or D2 and S4) while the input side 

remains the same.  Only one switch is ON in this mode. 

▪ In the second mode (MII: toff ≤ t < toff + t1), iin flows 

through S1 leading L1 to store energy. As in Fig. 3b, io flows 

through S2 and S5. Thus, the currents through C1 and C2 are 

reversed leading them to discharge. The energy of C1 and C2 

transfer to L2 leading io increases. When ig is negative, io flows 

through S3 and S4 while the input side remains the same.   

▪ In the third mode (MIII: toff + t1≤ t < ts), only S1 is ON 

therefore iin keeps increasing. As all the switches in the output 

bridge are turned OFF, io flows through freewheeling diodes 

D3 and D4 (or D3 and D5 if ig is negative) leading C1 and C2 to 

store energy while io decreases. Unlike the operation in 

conventional Cuk converter and its inverter descendants where 

iin and io decrease and increase together, io decreases in this 

mode while iin increases. Thus, this mode decouples the input 

and output currents behaviors and therefore eliminating the 2nd 

order harmonic current from the input will be possible.   The 

theoretical waveforms of the proposed TS-Cuk inverter are 

shown in Fig. 4. 

 

 
a 
 

 
b 
 

 
c 

Fig. 3. Operating modes of the Cuk inverter. (a) MI, (b) MII 

and (c) MIII 

 

2.2 System’s average model 

 

The three states in modes MI, MII and MIII in Fig. 3 are 

averaged using the state-space averaging method in [4] and [7] 

and hence the average model can be driven in (1) where the 
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state vector x(t) = [iin(t)  vC12(t) io (t)  vC3(t)  ig (t)] 

and y(t) = ig(t) is the grid current. The state vC12(t) is nvC1(t) + 

vC2(t), n is the turns ratio (Ns/Np), C12 is C1C2/(C1+n2C2), d1(t) 

is the duty cycle ratio of M2, d2(t) is the duty cycle ratio of MIII 

while D(t) is the duty cycle ratio of switch S1 

 

 

a 

 

b 

Fig. 4. Theoretical waveforms of the Cuk inverter. (a) 

positive half cycle and (b) negative half cycle 
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𝑦(𝑡) = [0 0 0 0 1]x(𝑡) (2) 

The duty cycle ratios can be calculated from Fig. 5 as: 

𝑑1 =
𝑡1

𝑡𝑠
, 𝑑2 =

𝑡2

𝑡𝑠
 𝑎𝑛𝑑 𝐷 = 𝑑1 + 𝑑2 (3) 

The instantaneous power injected to the grid (Pgrid) is: 

𝑃𝑔𝑟𝑖𝑑 = 𝑣𝑔(𝑡)𝑖𝑔(𝑡) (4) 

If vg(t) and ig(t) are expressed as Vg sin(ωt) and Ig sin(ωt-γ), 

then the grid power is obtained from: 

𝑃𝑔𝑟𝑖𝑑 = 𝑃𝑑𝑐 + 𝑃𝑎𝑐(𝑡) (5a) 

𝑃𝑑𝑐 =
𝑉𝑔𝐼𝑔cos (𝛾)

2
  (5b) 

  𝑃𝑎𝑐 =
𝑉𝑔𝐼𝑔sin (2𝜔𝑡 − 𝛾 −

𝜋
2
)

2
 (5c) 

Because of the additional mode MIII and its new control 

element d2, the voltage vC12(t) can be controlled and hence play 

an important role to remove the 2nd order harmonic from iin(t). 

To achieve that, the ac power component Pac should be 

generated from the inside the inverter as: 

  𝑃𝑎𝑐 + 𝐶12𝑣𝐶12(𝑡)
𝑑𝑣𝐶12(𝑡)

𝑑𝑡
= 0 

𝐶12𝑣𝐶12(𝑡)
𝑑𝑣𝐶12(𝑡)

𝑑𝑡
= −  𝑃𝑎𝑐 =

𝑉𝑔𝐼𝑔cos (2𝜔𝑡 − 𝛾)

2
 

(6) 

It can be noticed from the (6) that vC12(t) should have dc and 

ac components and therefore can be assumed as: 

𝑣𝐶12(𝑡) = 𝑉𝐶𝑑𝑐 + 𝑉𝐶𝑎𝑐sin(2𝜔𝑡 + 𝜑) (7) 
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  The components VCdc and VCac can be found from solving 

(6) and (7) as: 

𝜑 = tan−1 (
𝜔𝐿2𝐼𝑔 cos 2𝛾 − 𝑉𝑔 sin 2𝛾

𝑉𝑔 cos 2𝛾 + 𝜔𝐿2𝐼𝑔 sin 2𝛾
)

𝑉

 

𝑉𝐶𝑎𝑐 = (
𝑉𝑔𝐼𝑔 cos(2𝛾) + 𝜔𝐿2𝐼𝑔

2 cos(2𝛾)

4𝜔𝐶12𝑉𝐶𝑑𝑐cos𝜑
) 

(8) 

If the capacitors voltage vC12 is generated as in (7), the 2nd order 

current will be eliminated from the input side. To calculate the 

duty-cycle ratios for achieving that, the first row of the state-

space representation in (1) can be written as: 

𝑑𝑖𝑖𝑛(𝑡)

𝑑𝑡
=

𝐷(𝑡) − 1

𝑛𝐿1

𝑣𝐶12(𝑡) +
1

𝐿1

𝑣𝑖𝑛 (9) 

If it is desired to make iin(t) constant with time, so (9) can be 

rewritten as: 

0 =
𝐷(𝑡) − 1

𝑛𝐿1

𝑣𝐶12(𝑡) +
1

𝐿1

𝑣𝑖𝑛 

𝐷(𝑡) =
𝑣𝐶12(𝑡) − 𝑛𝑣𝑖𝑛

𝑣𝐶12(𝑡)
 

(10) 

Similarly, the third row of (1) can be written as: 

𝑑𝑖𝑜(𝑡)

𝑑𝑡
=

1 − 𝐷(𝑡)

𝐿2

𝑣𝐶12(𝑡) −
𝑑2(𝑡) − 𝑑1(𝑡)

𝐿2

𝑣𝐶3(𝑡) (11) 

Arranging (11) and solving for d1(t) yields:  

𝑑1(𝑡) =
𝐿2

𝑑𝑖𝑜(𝑡)
𝑑𝑡

⁄

2𝑣𝐶12(𝑡)
+

𝑣𝐶3(𝑡)

2𝑣𝐶12(𝑡)
+

𝐷(𝑡)

2
 (12a) 

𝑑2(𝑡) = 𝐷(𝑡) − 𝑑1(𝑡) (12b) 

The calculated duty ratios from (12) can be fed-forward 

assuming that io ≈ ig and vC3 ≈ vg which are known.  
 

3 Results 
 

The TS-Cuk inverter performance will be illustrated in two 

ways. The first is when a single module is connected to a single 

input voltage source Vin while the second is when more than 

one inverter is connected in modular structure as shown in Fig. 

1b. Fig. 5 shows the experimental prototype used in this 

section. 

 

3.1 Single Cuk Inverter 
 

The system is controlled by TMS32028335 DSP and uses the 

parameters in Table I to keep the voltage and current ripples 

within 10% of the nominal values. The steps to choose these 

parameters are well-established in literature [4]-[8] and will be 

followed in this paper. The normal power for the inverter in 

this experiment is 250W and the absolute allowed power is 

500W so the controller will be designed assuming that the 

maximum power is 𝑃̌𝑔𝑟𝑖𝑑 =1 kW, maximum input voltage is 

𝑉̌𝑖𝑛=250V and the sum of the capacitors voltage 𝑉̌𝐶12 is 

obtained from (7) as 900 V and the maximum duty cycle ratio 

can be obtained from (12) as 𝐷̌ = 0.72, 𝑑̌1 = 0.6 and 𝑑̌2= 0.12. 

Assuming an inverter’s efficiency of 90% the input current 

will not exceed 𝐼𝑖𝑛 = 15𝐴. 

 

 

Fig. 5. Experimental setup 

 
 

Table 1 Parameters of the Cuk inverter 

 

Symbol Parameter Value 

Pgrid Grid power (one Cuk 

module) 
250 W 

Vin Nominal input voltage 50 V 

Vg Grid voltage (Trans. 

primary peak) 
200 V 

f Grid frequency 50 Hz 

fs Switching frequency 50 kHz 

C1 - C2 Cuk middle capacitors 100 µF 

L1 - L2 Cuk inductors 1 mH 

RL1-RL2 resistances of L1 & L2 0.2 Ω 

C3 Cuk output capacitor 10 µF 

Lf transformer’s inductance 0.1 mH 

n Transformer turns’ ratio 1 

S1-S5 Semiconductor switch IRG4PC50FPbF 

D1-D5 Diode FFSH40120ADN 

 

Fig. 6 shows the results of the TS-Cuk inverter when it injects 

250 W in the local ac grid at unity power factor. Fig. 6a shows 

the input current where the 2nd order harmonic component has 

been completely eliminated. Fig. 6b shows the capacitors C1 
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and C2 voltages where the 2nd order oscillating power is stored 

temporarily in these capacitors. The grid voltage and current 

are shown in Fig. 6c. Fig. 6d shows the THD values of ig with 

different loadings.  

 

  
a b 

  
c d 

Fig. 6. Experimental results: (a) input current, (b) capacitors 

voltages, (c) output voltage/current and (d) THD of ig 

 

3.2 Series Connection and Partial Shading 

 

It has been shown in [3] that the series-connected modular 

structure, shown in Fig. 1b, can improve the performance of 

the grid-connected PV systems when operating at higher 

power levels due to the reduced voltage and current stresses, 

lower power losses, redundancy and scalability. The TS-Cuk 

inverter is suitable for this application as the isolating 

transformer and output bridge will prevent any circulating 

currents from commutating between the modules. A PV 

module is expected to reduce its maximum power point during 

partial shading conditions as shown from the I–V and P–V 

characteristics in Fig. 7a.  Although the characteristics of the 

PV modules vary with their type and connection, the P–V 

curve will always have reduced peak values in shading 

conditions. In such conditions, the current reference R(t) for 

the shaded modules should be changed in order to extract the 

maximum available power from all PV modules. The current 

reference during normal conditions when all modules share the 

same power is calculated as: 

𝑅(𝑡) = 𝑖𝑔(𝑡) =
𝑁[𝑣𝐶3(𝑡)] − 𝑣𝑔(𝑡)

𝑋𝐿𝑓

=
𝑁[𝑉𝑜sin (𝜔𝑡 + 𝜃)] − 𝑣𝑔(𝑡)

𝑋𝐿𝑓

 

(13) 

where N is the number of modules and Vo is the peak value of 

vc3 in normal conditions. If the cables losses are neglected, the 

total output power in normal conditions is calculated from: 

𝑃𝑡𝑜𝑡𝑎𝑙 =
𝑁𝑉𝑜𝐼𝑔𝑐𝑜𝑠(𝜃 − 𝛾)

2
≈

𝑉𝑔𝐼𝑔𝑐𝑜𝑠(𝜃 − 𝛾)

2
 (14) 

The power of each module is calculated from: 

𝑃𝑚𝑜𝑑_𝑢 = 𝑉𝑖𝑛𝐼𝑖𝑛 =
𝑉𝑜𝐼𝑔𝑐𝑜𝑠(𝜃 − 𝛾)

2
≈

𝑉𝑔𝐼𝑔𝑐𝑜𝑠(𝛾)

2𝑁
 (15) 

Thus, at the normal condition when each module can produce 

power = Pmod_u, the reference current is calculated from (13) 

and the output voltages of the modules are obtained from (15). 

When some of the modules are shaded as shown in Fig. 7a, the 

new grid current becomes: 

 

𝑖`𝑔(𝑡) =

(𝑁 − 𝑘)[𝑉𝑜 sin(𝜔𝑡 + 𝜃)] +

𝑘𝑉𝑠ℎsin (𝜔𝑡 + 𝜃𝑠ℎ) − 𝑣𝑔(𝑡)

𝑋𝐿𝑓

= 𝐼`
𝑔sin (𝜔𝑡 − 𝛾 `) 

(16) 

where k is the number of the shaded modules, ig
`(t) is the new 

grid current in order to harvest the maximum available power 

from shaded and unshaded modules, Vsh is the peak value of 

vC3 of the shaded modules. The extracted power from the 

shaded modules is: 

𝑃𝑚𝑜𝑑_𝑠ℎ = 𝑉𝑖𝑛_𝑠ℎ𝐼𝑖𝑛_𝑠ℎ =
𝑉𝑜_𝑠ℎ𝐼`

𝑔𝑐𝑜𝑠(𝜃𝑠ℎ − 𝛾 `)

2
 (17) 

 

The total power harvested from the system becomes: 

𝑃`
𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑉𝑖𝑛_𝑠ℎ𝐼𝑖𝑛_𝑠ℎ + (𝑁 − 𝑘)𝑉𝑖𝑛𝐼𝑖𝑛  

𝑃`
𝑡𝑜𝑡𝑎𝑙

=
(𝑁 − 𝑘)𝑉𝑜𝐼

`
𝑔𝑐𝑜𝑠(𝜃 − 𝛾 `) + 𝑘𝑉𝑜𝑠ℎ

𝐼`
𝑔𝑐𝑜𝑠(𝜃𝑠ℎ − 𝛾 `)

2

≈
𝑉𝑔𝐼`

𝑔𝑐𝑜𝑠(𝛾 `)

𝑁
 

(18) 

If Pmod_sh, Vin_sh and Iin_sh are know from the PV module 

offline data or online characteristics calculations, the new 

current i`g(t) and the unshaded output voltage of the shaded 

Cuk modules can be amended according to (16), (17) and (18) 

in order to operate the N modules at the peaks of their P–V 

curves. To simulate this operation, an experimental case study 

is carried out with four Cuk inverter modules (N=4) connected 

as shown in Fig. 1b. The system is connected to the grid 

without voltage reduction as Vg = 324V. In the normal 

unshaded condition before the shading moment tsh, the system 

supplies 1 kW to the grid and each module generates 250W.  

At the shading time tsh, the power of the third and fourth 

modules drops to 20% while the first and second modules’ 

powers remain unchanged. Fig. 7b and 7c show iin and vin for 

the first (unshaded) and the fourth (shaded) modules. Fig. 7d 

shows the output voltages vC3 of the first and fourth modules. 

The secondary side capacitor voltages vC2 of the first and 

fourth modules are shown in Fig. 7e. Finally, the grid voltage 

with current is shown in Fig. 7f. In this case, the new reference 

current is calculated from (16) in order to extract 50W of the 

shaded modules while keeping the unshaded modules at 

250W. As shown from Fig. 7d, the voltages vC3 of unshaded 

modules increase while they decrease for the shaded modules 

as per calculated from (16). The resultant power can be 
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calculated from Fig. 7f as ≈ 600 W which is the maximum 

assumed power to be available from the input sources.  

 
 

a b 

 

 
c d 

  

e f 

Fig. 7. Partial shading conditions: (a) P-V curve, (b) input voltages, 

(c) input currents, (d) module’s output voltages, (e) capacitors 

voltages, and (f) grid voltage and current 
 

If one PV module is completely shaded, the inverter associated 

with this module will generate zero output voltage and can be 

bypassed by its output switches. So, the unshaded modules’ 

inverters will generate higher voltages to compensate this 

voltage difference with the grid voltage. A SIMULINK model 

tests this case shown in Fig. 8 when module no. 4 of the Cuk 

type system is completely shaded at time t = 0.1 

 

  

a b 

 
c 

Fig. 8. Cuk inverter’s operation when module 4 is 

completely bypassed: (a) modules’ output voltages, (b) 

input currents and (c) total output current  

4 Conclusion 

This paper presents a tri-state operation of the single-phase 

Cuk inverter for PV applications. The proposed TS-Cuk 

inverter eliminates the even harmonics in the input current 

without any additional circuits. Thus, the total efficiency of the 

inverter is higher than its Cuk versions counterparts. The TS-

Cuk inverter is suitable for modular configurations when more 

than inverter is connected in series to reduce the 

voltage/current stresses and increase the reliability. A generic 

method has been illustrated to calculate the current references 

of the inverter to extract the maximum available PV power in 

shading conditions. The TS-Cuk inverter doubles the PV 

system’s efficiency if it is calculated with respect to the 

available PV power.  
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