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Abstract -- This paper presents a new three-phase inverter 

based on the Cuk converter. The main feature of the proposed 

topology is that the energy storage elements such as inductors 

and capacitors, can be reduced in order to improve the 

reliability, reduce the size, and the total cost. The buck-boost 

inherent characteristic of the Cuk converter, depending on the 

time-varying duty ratio, provides flexibility for stand-alone and 

grid connected applications when the required output ac voltage 

is lower or greater than the dc side voltage. This property is not 

found in the conventional current source inverter when the dc 

input current is always greater than the ac output or in the 

conventional voltage source inverter as the output ac voltage is 

always lower than the dc input. The proposed system allows 

much smaller, more reliable non-electrolytic capacitors to be 

used for energy source filtering. The new three-phase inverter is 

convenient for PV applications where continuous input currents 

are required for maximum power point tracking operation. 

Average large and small signal models are used to study the Cuk 

converter’s nonlinear operation. The basic structure, control 

design, and MATLAB/SIMULINK results are presented. 

Practical results substantiate the design flexibility of the Cuk 

based topology controlled by a TMSF280335 DSP. 

Index terms — DC/DC converters, Cuk converter, buck-boost 

inverter, state space averaging, PI control, PR control, switched 

mode power supply 

 

NOMENCLATURE 

* Reference value of a variable 

abc Three-phase stationary frame 

C1 Cuk converter capacitor 

d Cuk converter instantaneous duty ratio 

d-q Direct and quadrature synchronous frame 

f Output voltage fundamental frequency 

fs Sampling frequency 

Hac ac voltage ratio 

Hdc dc voltage ratio 

Iin Total input current 

IL1 Cuk converter input current 

IL2 Cuk converter output current 

Io Peak value of load three-phase current 

L1, L2 Cuk converter input and output inductors 

Ts Sampling time 

Vc1 Cuk capacitor voltage 

Vc2 Cuk output voltage 

Vin Cuk input voltage 

Vo Output load three-phase voltage 

Z Load impedance 

γ Phase angle of load three-phase current 

δ Steady state Cuk converter duty ratio 

θ Phase angle of Cuk three-phase voltage 

I. INTRODUCTION 

THERE is a trend toward modular structured 

renewable/distributed system concepts in order to reduce costs 

and provide high reliability [1]. This trend affects dc-ac 

converter topologies significantly in terms of reducing the size 

and number of inverter passive components [2]. For dc-to-ac 

conversion, the conventional voltage source inverter (VSI) is 

the most common converter topology [3]. The instantaneous 

average output voltage of the VSI is always lower than the 

input dc voltage.  For this reason, a boost dc-dc converter is 

needed when the required ac peak output voltage is greater 

than the input dc voltage [4]. This additional dc-dc boost 

converter increases volume, weight, cost, and losses and 

decreases reliability [5]. In [3], a new boost inverter is 

presented where the required output voltage can be lower or 

greater than the input dc voltage by connecting the load 

differentially across two dc–dc converters and modulating the 

converter output voltages sinusoidally. Both individual boost 

converters are driven by two 180° phase-shifted dc-biased 

sinusoidal references. The differential connection of the load 

leads to cancellation of the dc offsets from the output voltage 

and the peak ac voltage can be lower or greater than the dc 

input voltage. The main drawback of this structure is its 

control; as ac output voltage control requires control of both 

boost converters, hence the load voltage is controlled 

indirectly and large capacitances are connected across the 

output. In [6], a closed-loop sinusoidal PWM-PID control 

method with real-time waveform feedback is presented.  In 

[7], the simulation of a hybrid boost inverter control system is 

proposed in order to highlight the dc offset error. The 

topologies of buck, boost, and buck-boost inverters are 

presented in [8]. In [9], the boost-inverter topology is used to 

build a single-phase single power stage fuel cell system with a 

backup battery storage unit. Four switches and four diodes are 

used as well as two output capacitors for each phase.  In [10], 

the authors propose parallel operation of a three-phase ac to dc 

converter using a single-phase rectifier module. The control 

strategy has good dynamic features, giving a fast dynamic 

transient response. However, the proposed configuration 

includes six Cuk converters with six rectifiers: two single-

switch single-diode Cuk converters with two rectifiers for 

each phase.  This all contributes to the cost, control 

complexity and the reliability of the overall system, in 

addition to the use of high capacitance across the load.  In 

[11], the authors presented a single-phase inverter with a 

sliding mode control approach. The inverter consists of two 

converters with six switches where each of the two converters 

is responsible for constructing a half cycle of the load voltage 

and current. Reference [12] presents a 7-switches inverter 
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topology where the power is transferred from dc to ac through 

two stages. A buck-boost converter is followed by a directing 

bridge. The three-phase PWM square wave current blocks 

from the inverter are filtered by three inductors.   

For modern power conversion applications, continuous input 

current converters are more attractive solutions for renewable 

systems, since they minimize the filtering requirements. In 

addition, maximum power point tracking (MPPT) techniques 

for photovoltaic (PV) systems require continuous PV current 

flow [13]–[16]. 

Generally, there are nine continuous input and output current 

switched mode power supplies (SMPS) of a total of 33 

possible single-switch and single-diode dc-dc-converter. 

These nine converters include two inductors and one capacitor 

[16]. Among these converters with continuous input current, 

the Cuk converter has the lowest losses and the best voltage 

regulation. Moreover, the switched capacitor of the Cuk 

converter increases the voltage boost ability [16]. Because of 

its buck-boost capability, the Cuk converter is used widely in 

power electronics applications such as wind energy and PV 

systems, marine applications, light-emitting diode drivers, 

compressors, fuel cells, and batteries [17]. Much research has 

been conducted into the design of inverters which avoid heavy 

expensive line frequency transformers; instead, an SMPS such 

as the Cuk converter can implement boosting, with wave-

shaping functionality [17]-[20]. In addition, small and light 

weight high frequency isolation transformers can be integrated 

into the SMPS design if isolation and a greater voltage 

conversion range are required. Moreover, the output current 

sourcing nature of Cuk converter enables easy parallel 

connection and this is a trend for paralleling numerous PV 

arrays to the same point of common coupling (PCC). Cuk 

converter dc-dc operation has been studied and reported 

extensively in the literature. Open and closed loop stability is 

considered in [21]. Generally, dc-dc converters, including the 

Cuk converter, are time-variant systems. This means that the 

overall converter transfer function describing the input-output 

performance is dependent on the duty ratio as well as 

converter parameters. This increases control design 

complexity as the converter poles and zeros travel through a 

specified trajectory. Also the time-varying transfer function 

leads to output voltage and current distortion [22]. This paper 

proposes a new three-phase inverter based on three 

bidirectional two-switch two-diode Cuk converters with an 

optional small dc-link capacitor and describes an appropriate 

and practical control structure that can be used efficiently in 

industry applications. The proposed inverter is expedient for 

PV applications where the peaks of the output ac currents are 

required to be flexible over and below the input dc current for 

MPPT operation and for providing easy paralleling at the 

PCC. 

II. SYSTEM DESCRIPTION 

The operating modes of a Cuk converter are shown in Fig. 1.  

The circuitry consists of an input voltage source Vin, two 

switches S1 and S2, two antiparallel diodes D1 and D2. The 

energy between the voltage source and the load is transferred 

through capacitor C1. The energy is stored instantaneously in 

inductors L1 and L2.The basic operation at steady state can be 

described simply, when S1 is OFF, C1 is charged leading IL1 to 

decrease while L2is discharged in the load causing IL2 to 

increase. At the next switching period, when S1 is ON, L1 is 

charged and IL1 increases while C1 is discharged causing IL2to 

increase.  It can be deduced that IL1 and IL2 are interrelated via 

the energy transfer through C1. 

 
(a) Cuk converter 

 
(b) S1 = OFF, L1 discharges, C1 charges and L2 discharges 

 
(c) S1 = ON, L1 charges, C1 discharges and L2 charges 

Fig. 1 The operating modes of a typical Cuk converter 

 

The state space averaging method will be used to model the 

Cuk converter. Assuming the turn off time of S1 is Toff, turn on 

time for S1 = ON is Ton and Ts = Ton +Toff, the state space 

equations during a continuous conduction mode of operation 

can be written as: 

i) S1 OFF and S2 ON (0 < t <Toff) 
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ii) S1 ON and S2 OFF (Toff< t <Ts) 
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Averaging the state space equations over the period [0 < t < 

Ts] assuming the duty ratio d= 
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(3c) 

 

From 3c, the voltage transfer function of the Cuk converter 
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From 3d, the dynamics of output voltage depends on the duty 

ratio d. At steady state, (      and when d =   is constant, 

the transfer function tends to: 
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In the same approach, the current transfer function     
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The proposed three-phase inverter based on Cuk converters 

is shown in Fig. 2. As a current source, the proposed system 

can be paralleled for any further power extension. Each Cuk 

converter builds a sinusoidal output voltage, specifically 

current, with a dc-offset. Assuming that the dc and ac voltages 

ratios between output and input are Hdc and Hac respectively, 

(4) explains the relation between the input and output voltage: 
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Fig. 2. Proposed Cuk-based three-phase Inverter 
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Because of the balanced energy operation of the three 

phases, it is predictable that the dc offsets of each phase are 

cancelled and the three-phase load encounters pure sinusoidal 

voltages and currents as described in (5). The operation of 

each Cuk converter for each sampling period Ts is shown in 

Fig. 3. Assuming that too short Ts lead to a linear energy 

transfer; the relation of the ripple IL1 and IL2 with L1 and L2 

when S1 is on, can be described as in (6): 
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Fig. 3. Cuk converter operation 

Using the same approach and neglecting the small change in 

IL2, the ripple of C1 can be calculated when S2 is on: 
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where   ̅  in (6c) is the average output current over the 

sampling period Ts. From the previous analysis, the highest 

ΔIL1, ΔIL2 and ΔVc1 occur at the largest δ of each converter. 

Acceptable values of the system ripple as well as the peak 

values of the converter rated currents and voltages will 

determine the values of L1, L2 and C1. Here, L1= L2= 1mH and 

C1 = 10μF are chosen based on the rated values in Table I and 

(6). 

Table. I. Rated values 
Parameter Value 

Vin 50 Vdc 

Iin 50 A 

Vo(peak) 50 Vac 

IL2(peak) 33.33 A 

Z 1.5 Ω 

δmin and δmax 0 and 0.667 

fs 50 kHz 

ΔIL1 0.667 A 

ΔIL2 0.667 A 

ΔVc1 20 V 

Fig. 4 shows the open loop performance of the system in Fig. 

2 with the parameters in Table I and 10nF optional output 

shunt capacitors. The expected output voltages at points Vc2a, 

Vc2b and Vc2c are sinusoidal voltages of magnitude 50V peak 

and 50V dc offset. The duty ratios of the three Cuk converters, 

δa, δb and δc are calculated from Ha, Hb and Hc as explained in 

(6) and are shown in Fig. 4a and b, respectively. However, the 

output voltages in Fig. 4c are distorted. From the output 

currents in Fig. 4d and their components in the d-q 

synchronous rotating frame in Fig. 4e that a 2
nd

 harmonic 

component appears because of the Cuk non-linear nature. For 

the parameters shown in Table I, the poles and zeros of Gv are 

derived and plotted in Fig. 5a in order to study the dynamic 

behavior. The duty ratio is varied from 0.1 to 0.85. It can be 

concluded that increasing the duty ratio, leads the dominant 

poles of the real axis to move to the slower region, towards the 

origin, and the system dynamics become slower. This can be 

verified from the step response in Fig. 5b as the system gets 

slower with increasing duty ratio. To show the meaning of the 

previous analysis, a MATLAB simulation is used when the 

duty ratio is varied according to Gv to draw a sinusoidal output 

voltage with a dc offset. The input voltage is set to 50V. Fig. 

5c shows the difference between the reference and the actual 

output voltages because of the variation of dynamics with the 

value of duty ratio. In the next section, a control strategy is 

proposed to deal with the nonlinearity, control the desired 

output current, and eliminate the predefined distortion. 

 
(a) Ha,b, and c 

 
(b) Duty ratios 

 
(c) Output voltages at Vc2a, Vc2b and Vc2c 

 
(d) Three-phase Output currents 



2168-6777 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JESTPE.2014.2313185, IEEE Journal of Emerging and Selected Topics in Power Electronics

 
(e) dq components of output currents 

Fig. 4. Open loop operation of the proposed system in Fig. 2. 

 

 
(a) Poles and zeros of Gv 

 
(b) Step Response of Gv 

 
(c) Cuk voltage with time varying duty ratio 

Fig. 5.  Frequency and time analysis of Cuk Converter 

 

 
Fig. 6 Control Structure 

III. CONTROL DESIGN 

The control objective is to track a predefined sinusoidal 

output voltage. The control structure is shown in Fig. 6. Vd,, Vq 

and Vdc are the direct, quadrature, and dc offset components of 

the output voltage at Vc2a, Vc2b and Vc2c. The subscript ‘
*
’ refers 

to a reference value. Kp and Ki are the proportional and 

integral gains of the PI controller. From equation 3b, the 

control input is considered the input voltage Vin. However, 

normally, the voltage of the PV is constant over a short period, 

depending on the MPPT operation, and hence the control input 

should be written in terms of the time varying duty ratio δ. 

The small signal equations of the Cuk converter can be driven 

from equation 3c by considering the small signal 

deviations  ̂  ̂      ̂ where 
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 where; Vc1, IL1 and IL2 are the steady state values of  

vc1, iL1 and iL2 respectively 

(7b) 

In order to ease the control design process, a point at the 

middle of the trajectory in Fig. 5a, where d = 0.5, is chosen to 

be an intermediate operating point. The poles loci of the 

closed loop system of (7b) are plotted in two different ways. 

In Fig. 7a, Ki is held constant at 0.7 and Kp is varied in the 

range [0.1:0.8]. Similarly, Fig. 7b shows Kp held constant and 

Ki varied from [0.1:0.8]. From Fig. 7a, increasing the 

proportional value drives the poles toward the right hand side. 

From Fig. 7b, the imaginary poles are locked in their loci 
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while the real poles move away from the origin to the left 

hand side. The gain values are selected by compromising 

between both cases. From Fig. 7a and 7b, selecting Kp = 0.3 

and Ki = 0.4 provides preliminary proper dynamic 

performance and stability margin from the imaginary axis. 

 
(a) Pole-zero map of (7b) when Ki is held constant at (0.7) and Kp is 

varied in [0.1:0.8]. 

 
(b) Pole-zero map of (7b) when Kp is held constant at (0.1) and Ki is 

varied in [0.1:0.8]. 

Fig. 7. Root loci for a fixed Ki and a range of Kp or vice versa. 

The proposed three-phase Cuk inverter is simulated firstly 

using MATLAB/SIMULINK with the selected parameters and 

gain values. Fig. 8 shows the results for the voltage response. 

The reference values are set to build three-phase output 

voltages of 100V peak-to-peak with 50V dc-offset. Vd, Vq and 

Vo are set to 50V, 0V and 50 V respectively, to fulfill the rated 

values of Table. I. However the dq components in Fig. 8b 

show that the actual output voltages and currents still have 

second harmonic components. This can be elucidated by the 

nonlinear nature of the Cuk converters as described. Fig. 8c 

and 8d show the output three-phase current and its 2
nd

 order 

harmonic components. The input dc current and its 50 kHz 

ripple are shown in Fig. 8e. By increasing the Cuk converter 

parameters (L1, L2 and C1), the trajectory of the poles in Fig. 

5a becomes shorter. Hence, the effect of Cuk nonlinearity 

decreases and the 2
nd

 order harmonic decreases in the output 

currents and voltages. However, increasing the converter 

parameters will affect the size, cost, losses and will add to the 

control complexity.  A solution is proposed in Fig 9 where the 

controller is modified with a band pass filter tuned at the 2
nd

 

harmonic, 3
rd

 harmonic within the dq frame, to extract its 

components in the output voltage. The filter’s transfer function 

is stated in (8a) where fb is the center frequency and a is 

selected to adjust the filter’s band width to cater for a ±1% 

frequency variation. A proportional-resonant (PR) controller is 

inserted to force this component to equal zero. The PR 

controller transfer function is shown in (8b), which gives a 

high gain at a certain angular frequency ωo enabling the 

control of this frequency component. The values of PR 

controller are chosen to be small so as not to interrupt the 

main PI loop. Fig. 10 shows the minor impact of the new PR-

controller on the main control loop with gain values Kpr = 0.1 

and Krr = 40. The results are shown in Fig. 11 where the PR 

controller is able to suppress the 2
nd

 harmonic components 

from the voltages and currents. 

 

 
(a) Output voltages at Vc2a, Vc2b and Vc2c and corresponding dq 

components 

 
(b) Output voltage dc offset 

 
(c) Three-phase output current 

 
(d) 2nd order harmonic components of three-phase output current 
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(e) Input DC current 

Fig. 8. Proposed system under PI control in Fig. 6 

The new Ha, b and cratios shown in Fig. 11e are responsible for 

eliminating the 2
nd

 order harmonic current in Fig. 11d. In order 

to suppress the input current ripple, the PWM carrier signals 

are displaced by 120° as shown in Fig. 12a. In this way, the 

converters input currents, shown in Fig.12b, charge and 

discharge in different time periods, instead of all being 

charged and discharged simultaneously and hence, the high 

frequency ripple in total input current Iin is reduced to 0.6% 

pp, compared with the symmetric PWM signals shown in Fig. 

8e (6% pp). This reduction may alleviate the need for PV 

output capacitive filtering.  Fig. 13 shows the same operation 

when the proposed system is connected to a voltage source of 

250V via a 1:5 step-up transformer under unity power factor 

operation where Io = 33.33A and γ=0. 
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Fig. 9. Control structure with eliminating the 3rd harmonic in the dq frame (2nd 

in the stationary) 

IV. EXPERIMENTAL RESULTS 

The prototype in Fig. 14 of three Cuk converters rated as 

shown in Table. I and controlled with a TMS320F280335 

DSP, was used to verify system conception and the presented 

mathematical analysis.  The passive element values are L1 = 

1.014 mH, L2 = 1.037mH, and C1 = 10.4 μF. Two 

IRGP4062DPBF IGBTs have been employed for S1 and S2 

with their freewheel diodes D1 and D2. Fig. 15 shows the 

proposed system operation when the system is closed loop 

controlled as shown in Fig. 6. The references are set to 

constitute three-phase output voltages of 100V peak-to-peak 

with a 50V dc-offset. Vd, Vq and Vo are set to 50V, 0V and 50V 

respectively. 

 

 
Fig. 10. Impact of the additional control loop 

 

 
(a) Output voltages at Vc2a, Vc2b and Vc2c and corresponding dq components 

 
(b) Output voltage dc offset 

 
(c) Three-phase output current 
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(d) 2nd order harmonic components of three-phase output current 

 
(e) New Ha,b, andc 

Fig. 11. Proposed system under PI control in Fig. 9 

 

 
 

(a) Displaced PWM carrier 

signals 

(b) Input Currents IL1a,b, and c 

 
(c) Total Input dc current Iin 

Fig. 12. Reduced high frequency ripples 

 

 
Fig. 13. Secondary voltages and currents 

As previously mentioned, the Cuk three-phase voltage and 

load three-phase current in Fig. 15a, b appear distorted. The 

input currents IL1a, IL1b and IL1c are shown in Fig. 15c with 

current ripples ΔIL1 and ΔIL2 restricted to the acceptable limits 

in Table. I. The 2
nd

 order harmonic current components are 

measured with the DSP and plotted in Fig. 15e. The 

corresponding duty ratios are shown in Fig. 15e and all the 

results are comparable with the simulations in Fig. 8. The 

additional PR control loop is inserted then and its effect is 

shown in Fig. 16 where the Cuk three-phase voltage 2
nd

 order 

distortion is reduced. Fig. 16c shows the significant reduction 

of the 2
nd

 order output current component because of the 

additional control loop. The modified duty ratios are shown in 

Fig. 16d. The experimental results here verify the simulations 

in Fig. 11. In order to reduce the input current (Iin) ripples, the 

displaced carrier signals described in Fig. 12a are generated 

inside the DSP instead of the symmetric PWM mode. The 

effect on the input current ripples is shown in Fig. 16e where 

the high frequency ripples are reduced by 90%.Finally, Fig. 17 

shows the output voltage and current when the system is 

connected to the grid via a 1:5 step-up transformer and the 

result are similar to the computer simulation in Fig. 13. Fig. 18 

shows the operation at 0.95 lagging power factor. Detailed 

overall control analysis, including MPPT operation, as well as 

the effect of grid side imbalance and low order harmonics are 

to be considered in future publications 

 
Fig. 14. Experimental prototype 
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(a) Output voltages at Vc2a, Vc2b and Vc2c and corresponding dq components 

0.08 0.1 0.12 0.14 0.16
-4

-2

0

2

4

6

time (s) 

2
n

d
 o

rd
e
r 

h
a
rm

o
n

ic
 c

u
rr

e
n

t 
(A

)

 

 

IL2a

IL2b

IL2c

0.08 0.1 0.12 0.14 0.16
0

0.5

1

1.5

2

2.5

3

time (s) 

H
a
,b

&
c

 

 

Ha

Hb

Hc

Carrier

t

t

IL1a

IL1b

IL1c

0 Ts 2Ts 3Ts 4Ts
49.8

49.9

50

50.1

50.2

time (s) 

Ii
n

 (
A

)

 

 

Iin



2168-6777 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JESTPE.2014.2313185, IEEE Journal of Emerging and Selected Topics in Power Electronics

 
20A/div – 5ms/div 

(b) three-phase output current 

 
20A/div – 5ms/div 

(c) Cuk input currents IL1a,IL1b and IL1c 

 
1 A/div – 5ms/div 

(d) 2nd order harmonic components of three-phase output current 

 
0.1 (s/s)/div – 5ms/div 

(e) duty ratios 
Fig. 15. Proposed system under PI control in Fig. 6 

 

 
20V/div – 5ms/div 

 
10V/div – 10ms/div 

(a) Output voltages at Vc2a, Vc2b and Vc2c and corresponding dq components 

 
20A/div – 5ms/div 

(b) three-phase output current 

 
1 A/div – 5ms/div 

(c) 2nd order harmonic components of three-phase 

 
(d) duty ratios 

 
10A/div – 5ms/div 

(e) Total input dc current (Iin) 
Fig.16 Proposed system, under PI+PR control in Fig. 9 

 

Same PWM carrier 
signal for the three 

converters

Displaced carrier 
signals as in Fig. 

12a
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20V/div – 20A/div – 5ms/div 

Fig.17. Secondary voltage and currents 

 
20V/div – 20A/div – 5ms/div 

Fig.18. Operation at 0.95 PF 

V. CONCLUSION 

Due to its inherent current sourcing nature, the Cuk converter 

is an attractive choice for dc-ac converters in PV applications. 

The proposed single-stage three-phase Cuk-based inverter 

introduces several merits when employed for PV applications. 

Continuous input current enables direct MPPT techniques and 

the ability of paralleling dc-ac converters at the same PCC 

promote the proposed converter as viable topology for PV 

applications. Importantly, because of low input current ripple, 

no capacitor is required across the PV array (and if used to 

bypass high frequency switching components, plastic 

capacitors can be used instead of low reliability electrolytic 

types). Generally, high order converters like Cuk converters 

have been avoided in inverter applications because of their 

control complexity.  Moreover, the Cuk converter’s inherent 

nonlinearity is a reason for output current and voltage 

distortion. The effect of this nonlinearity can be relieved by 

increasing the Cuk converter inductances and capacitance. 

However, this adversely affects the total cost, size and control 

complexity. In this paper, a three-phase dc-ac Cuk converter 

based current source inverter has been proposed and assessed. 

The state space averaging method was used to design the 

control structure. An additional control loop reduced distortion 

with low passive element values. Satisfactory results in terms 

of reduced 2
nd

 order harmonic components in the output 

currents and voltages were obtained and verified by 

MATLAB/SIMULINK. An inverter system was used to 

produce experimental results that confirmed system 

performance. Detailed overall control analysis, including 

MPPT operation, as well as the effect of grid side imbalance, 

common mode voltage, and low order harmonics are to be 

considered in future publications. 
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