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Background

Generation, transmission and distribution of electrical energy are the most important 

factors in modern energy systems and transformers provide the most important role in 

these systems. Transformers which carry out many fundamental tasks such as galvanic 

isolation, voltage transformation, noise decoupling are widely used in electric power 

systems. It is well-known that classic (50/60 Hz) transformers have many positive fea-

tures such as high efficiency, low cost and high reliability (Ronan et al. 2002; Yang et al. 

2015; Zhao et al. 2013; Wang et al. 2007; Hwang et al. 2013). However, these conven-

tional transformers have many undesirable drawbacks. �ese drawbacks include: (1) 

Conventional transformers have large size and weight because of their copper windings 

and iron core. (2) Conventional transformers are a passive component between the high 

and low voltages. �erefore, when voltage sags and swells occur at the input side, the 
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output side is affected by these conditions. Harmonics in the output currents affect the 

input currents of transformers. In this case, harmonics can spread to the grid or can 

increase losses in the primary winding. �erefore, transformers have poor voltage regu-

lation and low harmonic isolation. (3) Mineral oils used in transformers can be harmful 

when exposed to the environment in case of any fault in the transformer.

In recent years, with rapid advances in microprocessors and power electronics devices, 

many studies have been realized in order to improve performance of transformers. A 

new transformer was proposed by McMurray (1970). �ese transformers were called 

as electronic power transformer (EPT) or solid state transformer (SST). �e main fea-

ture of these transformers is having ability to perform the same tasks with conventional 

transformers. Besides, EPTs possess many advantages over conventional transformers 

such as voltage sag and swell compensations, fixed AC output voltage, instantaneous 

voltage regulation, power factor correction, reactive power compensation, harmonic 

isolation and all of these advantages can be realized on a single circuit (Bifaretti et al. 

2011; Dujic et al. 2013; Kang et al. 1999; Kececioglu et al. 2016; Grider et al. 2011; Xu 

et  al. 2014; Acikgoz and Sekkeli 2014; Zhao et  al. 2014; Yang et  al. 2015). Many stud-

ies which focus on design and control of EPT structures have been realized by many 

researchers and institutes in the literature. In generally, two approaches were proposed 

for EPT structure; with DC-link and without DC-link (Falcones et al. 2010). EPT struc-

ture with DC-link consisting input, isolation and output stages has several key features 

such as reactive power and voltage sag/swell compensations (Yang et al. 2015; Lai et al. 

2005). Pulse width modulation (PWM) rectifiers are widely used at input stage of these 

EPT structures to convert AC voltage into DC voltage because of their good dynamic 

response, unity power factor and regulated DC bus voltage. Isolation stage has DC–DC 

converter and high frequency (HF) transformer, and output stage has single or three-

phase inverter which generates the desired output voltage and power (Falcones et  al. 

2010; Yang et al. 2015; Hwang et al. 2013).

During the last decades, intelligent control systems have been used in various appli-

cations. Neuro and fuzzy controllers have been outstanding intelligent control systems. 

Complexity and uncertainty of systems have promoted researchers to develop intelligent 

and adaptive control systems. Within this scope, many studies have been carried out 

to analyze performances of intelligent control systems (Jang et al. 1997). �ese control 

systems have been applied to many control systems and it has been obtained successful 

results. Development of intelligent control systems has milestones. Zadeh (1965) pro-

posed fuzzy sets concept. �is concept has led up the development of control systems 

that have of human reasoning capability. McCulloch and Pitts (1943) developed mimic 

biological neural systems computational abilities. Control systems have gained learning 

capability by this technique. Another approach is neuro-fuzzy controller (NFC). NFC 

that has nonlinear, robust structure and based on FLC whose functions are realized by 

ANN is one of these intelligent controllers (Jang et  al. 1997; Mohagheghi et  al. 2007; 

Tuncer and Dandil 2008). �e most important feature of this controller is that it does 

not need the mathematical model of the controlled system.

In control of PWM rectifiers, DC bus voltage and dq-axis currents are commonly 

controlled by using Proportional-Integral (PI) controller because of its simple structure 

(Dannehl et  al. 2009; Blasko and Kaura 1997). However, PI controller has undesirable 
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features including slow response, large overshoots, oscillations, and it needs a mathe-

matical model of the system to be controlled. Recently, intelligent and robust controllers, 

based on fuzzy logic controller (FLC), linear quadratic regulator (LQR), sliding mode 

controller (SMC), Robust H∞ controller and predictive control (PC), have been success-

fully used in many studies. To obtain a good performance from EPT structure, intelli-

gent controllers can be used in transient and steady-state conditions (Bouafia and Krim 

2008; Bouafia et al. 2010; Yu et al. 2010; Brando et al. 2010; Zhao et al. 2012; Djerioui 

et al. 2014; Liu et al. 2009; Hooshmand et al. 2012).

In this paper, robust and nonlinear control strategy based NFC controller is proposed 

for EPT structure in order to achieve a good dynamic response. Designed NFCs have 

two inputs, single output and six layers. �is paper is organized as follows. Power circuit 

and mathematical model of EPT structure is given in section two. �e description of the 

NFC and its training algorithm are explained in section three. �e simulation results 

related to the proposed EPT structure are comprehensively presented in section four. 

Section five provides the conclusions of this study.

Mathematical model of EPT

In this section, block diagram of proposed EPT structure is consisted of input, isolation 

and output stages and has AC/DC/AC/DC/AC conversions as seen Fig. 1.

Input stage is the most important part of EPT structures and three-phase AC voltage 

is rectified by PWM rectifier at this stage (Liu et al. 2009; Hooshmand et al. 2012). �ere 

are many control methods for PWM rectifier in the literature. Voltage source PWM 

rectifier is preferred in this study in order to control DC bus voltage in input stage. PI 

controllers are often used in PWM rectifier due to their simple structures (Singh et al. 

2004; Blasko and Kaura 1997). In this paper, NFC that has a more durable construction 

is designed instead of PI controller. So, EPT structure will be more durable and will be 

provide faster response against all disturbances. DC voltage rectified input stage is con-

verted into high frequency square wave by using DC–DC converter. DC voltage obtained 

from isolation stage is transmitted to two-level inverter. �e inverter provides the power 

and voltage required for the load. Moreover, stages of EPT structure are shown in detail 

in Fig. 2.

�e voltage equations of EPT structure are expressed as following:
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Fig. 1 Configuration of proposed EPT structure
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According to Fig. 1 and transformation ratio of HF transformer used in isolation stage, 

the dynamic differential equations of EPT structure can be achieved in matrix forms as:
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Fig. 2 Sections of EPT structure. a Input stage, b isolation stage and c output stage
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Where, k is transformation ratio of HF transformer. m1 and ϴ1 are amplitude modula-

tion index and modulation angle for PWM rectifier used in the input stage. m2 and ϴ2 

are amplitude modulation index and modulation angle for PWM inverter used in the 

output stage. usa, usb and usc are input voltages. uLa, uLb and uLc are output voltages. Udc is 

DC bus voltage of input stage. u0a, u0b and u0c are AC voltages in the output stage. ula, ulb 

and ulc are AC voltages in the input stage (Liu et al. 2009; Hooshmand et al. 2012; Acik-

goz et  al. 2015). According to three-phase stationary reference frame a-b-c, dynamic 

model of proposed EPT structure can obtained by Eqs. (1) to (7). However, the parame-

ters of the dynamic differential equations are time-varying and should be transformed to 

the synchronously rotating reference frame using Park’s transformer in order to obtain 

time-invariant equations (Liu et  al. 2009; Hooshmand et  al. 2012). �us, the dynamic 

equations in the d-q rotating reference frame are as follows:

where, 
[

ild ilqilo
]T

= K [ila ilbilc]
T, 

[

ifd ifqifo
]T

= K [ifa ifbifc]
T,

[

iLd iLqiLo
]T

= K [iLa iLbiLc]
T 

[

uLd uLquLo
]T

= K [uLa uLbuLc]
TK is the Park’s transformation matrix given by:

Implementation and design of neuro‑fuzzy controller

NFCs based on the principle that the functions of fuzzy logic controller (FLC) are per-

formed artificial neural network (ANN) are successfully applied to many industrial 

applications (Zadeh 1965; Jang et  al. 1997; Mohagheghi et  al. 2007; Tuncer and Dan-

dil 2008). In addition, NFCs have a non-linear structure and do not need mathemati-

cal model of the system to be controlled. �us, NFCs are commonly used in non-linear 

systems with parameter variation and uncertainty. Fuzzy rules of sugeno type fuzzy logic 

are defined as below:

Here, Xi is the input variable, y is the output variable, linguistic variables of prerequisites 

with Ai
j µj

Ai (xi) membership function and the Ai
j ϵ R are the coefficients of linear fi = (x1, 

x2, …, xn) function. Structure of NFC which is used in control algorithms is shown in 

Fig. 3. As seen in Fig. 3, NFC has two inputs, one output and six layers. Five membership 
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functions were chosen for each input (Jang et al. 1997; Tuncer and Dandil 2008; Buckley 

and Hayashi 1994).

Membership functions are performed in the second layer where membership function 

is replaced by activation function of each artificial neuro cell. Five membership functions 

are determined for the error and the change of error. �e output of this layer is obtained 

as follows:

σij and mij, which are input parameters, represent the parameters of membership 

functions to be adapted. Xi represents the input of ith cell of second layer. Similar to 

FLC, the third layer of NFC consists of rule base and fuzzy rules are determined in 

this layer.

Xj
3 here represents the input of jth cell of the third layer. �e output of the system defined 

by using central clarification for Mamdani fuzzy logic:

Fourth layer is called normalization layer where the accuracy of fuzzy rules are cal-

culated. Fifth layer is called firing size of a rule. �e firing degree of normalized rules is 

multiplied by linear f function in this layer. �is layer generates output values required 

for EPT structure. In order to update input and output parameters by using analog 

teaching method with back propagation algorithm, the squared error (E) which mini-

mizes tracking error (e) is determined as follows (Jang et al. 1997):
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2
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Fig. 3 Two-input Sugeno type NFC structure
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�e performance index for the parameters of membership functions in EPT structure 

can be derived as follows:

As shown in Fig. 3, inputs of NFC were selected as the error and the change of error. 

Five membership functions are used for each input. In the proposed NFC structure, pre-

condition parameters of membership layer have been trained in the simulation model. 

During the simulation studies, output parameters have been trained using back-propa-

gation learning algorithm. �ese parameters are adapted until the desired performance 

is reached.

Control of the input stage

�ree-phase PWM rectifier has been used in numerous applications in recent years. 

�ese rectifiers have many advantages such as bi-directional power flow, low harmonic 

distortion, unity power factor and control of DC-link voltage (Blasko and Kaura 1997; 

Dannehl et al. 2009). When considering all these features, three-phase PWM rectifier is 

the most important part in EPT structures. Control scheme of three-phase PWM rec-

tifier based on NFC is as shown in Fig. 4. In control of DC voltage, DC bus voltage is 

compared with reference DC bus voltage. Error of DC bus voltages is applied to NFC 

controller. Reference value of d-axis current is obtained from output of NFC control-

ler. In order to obtain unity power factor, reference value of q-axis current is set to zero. 

Error of dq-axis currents and changes of these errors are applied as input to NFCs. 

Afterwards, Vq and Vd values are obtained from the outputs of NFCs. �ese voltages are 

sent to PWM block, which generates required signals for driving the semiconductor-

switching element. Moreover, an anti-wind up integrator is used to limit the output of 

NFC and compensate for steady state error (Liu et al. 2009; Hooshmand et al. 2012).

For PI controller, mathematical model of the input stage in the d–q rotating reference 

frame can be used as follows:
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�e grid voltage component of d-axis is equal to its peak value and q-axis of the grid 

voltage is equal to zero. �us, d-axis of the current is equal to the active current compo-

nent and q-axis of the current is equal to the reactive current component. Double loop 

control which has current and voltage loop is used in order to control of three-phase 

PWM rectifier. d-axis current is obtained from the DC voltage loop and q-axis current 

sets to zero in order to obtain power factor equal to “1”. For current loop controls, fol-

lowing equations can be written as:

PI controller parameters of PWM rectifier used in the input stage are given in Table 1.

To analyze performance of three-phase PWM rectifier, a small signal model is used. 

First, the state variables are expressed as the sum of the values at an operating point and 

small deviations from the operating point (Ende and Shenghua 2013; Bel Hadj-Youssef 

et al. 2007):
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Fig. 4 Control scheme of three-phase PWM rectifier

Table 1 Parameters of PI controllers

Parameters Voltage control Current control

Proportional gain (Kp) 0.2 4

Integral gain (KI) 20 60
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With the analysis of the mathematical model of the three-phase PWM rectifier, the 

model can be written in the form of Eqs. (29–30);

Using Eqs. (29) and (30), small signal model can be written as:

Small signal model of three-phase PWM rectifier has been derived and shown in Fig. 5. 

A diagram showing bode plots of the current and voltage loop for three-phase PWM 

rectifier are indicated in Figs. 6 and 7, which demonstrates that measured gain margins 

are infinite. �us, these results show that the control system is stable.

Control of the isolation stage

DAB converter which provides high performance/efficiency, galvanic isolation and 

soft-switching property is used at the isolation stage to step down DC voltage obtained 

from input stage. �e configuration of DAB converter is indicated in Fig. 8. DC voltage 

obtained from three-phase PWM rectifier is converted to a lower DC voltage using DAB 

converter. DC voltage obtained from the rectifier is first converted to the high-frequency 

square wave at isolation stage. According to the transformation ratio of HF transformer, 

this square wave is obtained in the same way at the secondary part of HF transformer. 

�en, this wave is converted into lower DC voltage by using DAB converter (Yang et al. 

2015; Zhao et al. 2013). HF transformer provides electrical isolation and voltage trans-

formation. In order to regulate DC voltage obtained from output of DAB converter, NFC 
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Fig. 5 Small signal model of three-phase PWM rectifier
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and PI controller are used as phase shift controllers. �e difference between DC voltage 

at the output of the isolation stage and reference DC voltage is compared and NFC/PI 

controller generates phase shift angle required for DAB converter as shown Fig. 9. 

Moreover, the coefficients of PI controller used in isolation stage are given in Table 2.

�e equations of power, input and output currents required for DAB converter are as 

follows:

(32)
PDAB =

nTrUDAB1
UDAB2

2fDABLDAB
dDAB(1 − dDAB)

(33)
IDAB1 =

nTrUDAB2

2fDABLDAB
dDAB(1 − dDAB)

Fig. 6 Bode plots of voltage loop for three-phase PWM rectifier

Fig. 7 Bode plots of current loop for three-phase PWM rectifier



Page 11 of 21Acikgoz et al. SpringerPlus  (2016) 5:1350 

where, UDAB1 and UDAB2 are input and output DC voltages of DAB converter, fDAB is 

switching frequency of DAB converter, LDAB is leakage inductance, dDAB is ratio of time 

delay between two bridges to one-half of switching period (Yang et al. 2015; Zhao et al. 

2013). Figure 10 shows small signal model of DAB converter.

Small-signal model and transfer functions can be obtained by state-space averaging. A 

state-space averaging of DAB converter is described as linear combination of independ-

ent inputs and the physical state of its energy storage elements. Also, waveforms of DAB 

converter are shown in Fig. 11.

For small-signal model of DAB converter used in isolation stage of EPT structure, 

state-space equations are as follows:

(34)IDAB2 =

nTrUDAB1

2fDABLDAB
dDAB(1 − dDAB)

(35)

d

dt
x = A1x+B1u ⇔
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Fig. 8 Configuration of DAB converter
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Fig. 9 Phase shift control of DAB

Table 2 Parameters of PI controller for DAB

Parameters Value

Proportional gain (Kp) 0.002

Integral gain (KI) 6



Page 12 of 21Acikgoz et al. SpringerPlus  (2016) 5:1350 

where L′′

DAB
= LDAB/n

2

Tr
, R′′

DAB
= RDAB/n

2
Tr

. �e small-signal model for DAB converter 

can be derived using Eqs. (35) and (36):

Small-signal transfer functions of DAB converter are control-to-output-current and out-

put-current-to-DC voltage transfer functions. �ese transfer functions are as follow:

Moreover, bode plots of the simplified linearized model are given in Fig. 12.

(36)
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dt
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Control of the output stage

Output stage consists of three-phase inverter, LC filter and load as seen in Fig. 13. �ree-

phase inverter used in the output stage has six directional switches which converts DC 

voltage into three-phase AC voltages. We proposed PWM technique for three-phase 

inverter. In the output stage, three-phase output voltages are first converted to voltages 

of d–q axis (Vd, Vq) in the synchronous rotating d-q reference frame. �en, these volt-

ages are compared with the reference values of Vd and Vq. �e outputs of PI control-

ler are transformed to Uα − Uβ voltage which is used to generate inverter gate pulses 

(Liu et al. 2009; Hooshmand et al. 2012). Equations of these transformations are given as 

follows:

where, dd and dq are duty cycles corresponding to the dq-axes respectively. Equa-

tions (40) and (41) are obtained (Hiti et al. 1994; Tuomas et al. 2015); 

Moreover, an operating point is defined to conduct small-signal model and to analyze 

the three-phase two-level inverter used in EPT structure. For small signal model, a per-

turbation is given around the operating point which is given as follows:

(40)





Uoa

Uob

Uoc



 = L
d

dt





Ifa

Ifb

Ifc



 +





ULa

ULb

ULc





(41)

[

Uod

Uoq

]

= L
d

dt

[

Id
Iq

]

+

[

ULd

ULq

]

+ ωL

[

−Iq
Id

]

(42)dd · Udc2 = L
did

dt
− ωLiq + ULd

(43)dq · Udc2 = L
diq

dt
− ωLid + ULq

(44)Udc2 = Udc2 + Ûdc2

Fig. 12 Bode plots of phase shift to output voltage for small signal model
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In the above new operating point, parameters with “^” are small perturbed variables. 

Udc2 is DC voltage of three-phase inverter, Dd is d-axis duty cycle, Dq is q-axis duty cycle, 

id is d-axis current, iq is q-axis current, VLd and VLq are dq-axis grid voltages (Hiti et al. 

1994; Tuomas et al. 2015). Based on the above equations, small signal model of three-

phase inverter has been derived and shown in Fig. 14.

According to transfer function obtained from small signal model, bode plots of con-

trol loop for three-phase inverter are shown in Fig.  15. �e bandwidth of the control 

loop is made low so that the DC link voltage control will not cause disturbances in the 

(45)Dd = Dd + d̂d

(46)Dq = Dq + d̂d

(47)id = id + îd

(48)iq = iq + îq

(49)ULd = ULd + ÛLd

(50)ULq = ULq + ÛLq

(51)î = D̂d îd + D̂d îd + d̂d îd + d̂d îd

PWM

PI PI

LC FILTER

d-q

α-β 

d-q

A-B-C

LOAD

ULa, ULb,ULcUoa, Uob,Uoc

ifa, ifb,ifc

Vd* Vq*

Udc2

Fig. 13 Configuration of three-phase two-level inverter
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sinusoidal output currents of the three-phase inverter. �e bandwidth of the control 

loop is adjusted near 100 Hz and the control system has a low steady state error.

Simulation results

In this section, EPT structure is implemented in MATLAB/Simulink environment and 

the results of simulation studies are carried out in order to demonstrate dynamic perfor-

mance of EPT structure under voltage harmonics, voltage flicker, voltage sag and swell 

conditions. Moreover, the parameters of EPT structure used in the simulation studies 

are compiled in Table 3.

DC bus voltage responses of the proposed controller and PI controller are shown in 

Fig. 16. DC voltage is adjusted to per-unit (p.u) reference value of 1. �en p.u reference 

value is increased to 1.25 p.u at t = 0.5 s. It can be seen from Fig. 16 that the proposed 

dd îD qq îD ddid̂ qqid̂

- +

- +

L qîLω

dîLωL

2dcd2dcd uDud̂
∧

+

2dcq2dcq ûDud̂ +

+
- 2dcU -

+

-

+

oqûCω +
-

C
Ldû

+
-LqûCodûCω

Fig. 14 Small signal model of three-phase inverter

Fig. 15 Bode plots of control loop for three-phase inverter
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controller reaches to reference DC voltage after nearly 0.025 s without overshoot while 

PI controller reaches to reference DC voltage after 0.1 s with overshoot. Figure 16 shows 

that the proposed controller has superior properties compared with PI controller in 

terms of rise time, settling time and overshoot.

�e first scenario is realized in order to indicate effectiveness of both controllers 

against voltage harmonics and waveforms of this situation are given in Fig. 17. Voltage 

harmonics of the 5th and 7th orders with amplitudes of 10 and 15 % are applied on the 

grid voltages between t = 0.5 and t = 0.6 s. When voltage harmonics condition occurs 

at t = 0.5 s, PI controller has oscillations while the proposed controller is not affected by 

this situation as seen Fig. 17b, c which show DC voltage responses of the isolation stage 

with DAB converter. �anks to DAB converter with the proposed controller, the effect of 

the voltage harmonics is eliminated in the input stage. It has been observed from these 

waveforms that the proposed controller have better performance than PI controller with 

regard to settling time, oscillation and overshoot. Moreover, Fig. 17d shows clearly that 

the output voltages are not affected by voltage harmonics in grid.

�e second scenario is performed in order to demonstrate performance of both con-

trollers under a voltage flicker and waveforms of this condition are given in Fig.  18. 

�e grid voltages are first set to sinusoidal wave shape with a frequency of 15 Hz and 

a modulation index of 10 %. �en this flicker condition is formed between t = 0.5 and 

0.6 s. As shown in Fig. 18b, DC voltage responses obtained from both controllers have 

a small oscillation. DC voltage responses of the isolation stage based on DAB converter 

Table 3 Parameters of EPT structure used in simulation study

Parameters Value

Grid voltage 800 Vrms

DC voltage of input stage 2000 V

DC voltage of isolation stage 400 V

Power frequency 50 Hz

Grid resistance and inductance 0.1 Ω, 5 mH

HF transformer 5:1, 1000 Hz, 30 kVA

Capacitors 3.3 mF, 4.7 mF

LC filter 2 mH, 200 µF

Fig. 16 DC bus voltage responses of both controllers
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are shown in Fig. 18c. It is observed that isolation stage is not affected by flicker condi-

tion as shown in Fig. 18c. Besides, this flicker case is removed in the output voltages and 

consequently, regulated output voltages are obtained.

Fig. 17 Waveforms of EPT structure under voltage harmonics condition. a Grid voltages, b DC bus voltage 

responses of input stage, c DC bus voltage responses of isolation stage and d output voltages

Fig. 18 Waveforms of EPT structure under voltage flicker case. a Grid voltages, b DC bus voltage responses 

of input stage, c DC bus voltage responses of isolation stage and d output voltages
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�e third scenario is carried out in order to verify the performance of the proposed con-

troller and PI controller during 100  % voltage sag condition in phase A. Figure 19 shows 

waveforms when there is 100 % of phase-A voltage sag from t =  0.5–0.6  s. According to 

enlarged DC voltage responses given in Fig. 19b, when the voltage sag occurs in phase-A, DC 

voltage response obtained from PI controller falls 1975 V and reaches reference DC voltage 

at 0.7 s while the proposed controller falls 1990 V and rapidly reaches reference DC voltage at 

0.63 s. Waveforms related to the isolation stage given in Fig. 19c are illustrated that the pro-

posed controller has more efficient performance than PI controller in this condition. Also, 

the output voltages have clearly sinusoidal and symmetrical forms as it is seen from Fig. 19d.

�e fourth scenario is carried out to demonstrate response of both controllers under 

voltage sag condition as shown in Fig. 20. In this scenario, the magnitude of grid volt-

age changes from 100 to 70 % at 0.5 s, and then changes back from 70 to 100 % at 0.6 s. 

When the voltage sag happens at t = 0.5 s, enlarged DC voltage obtained from PI con-

troller falls nearly 1974 V and reaches reference DC voltage at 0.7  s whereas the pro-

posed controller falls 1991 V and reaches reference DC voltage at 0.63 s. As clearly seen 

in Fig.  20c, although voltage sag at the input stage is occurred from 0.5 to 0.6  s, DC 

response obtained from the proposed controller is more durable than PI controller. 

Moreover, Fig. 20d shows that the output voltages are remained fixed and sinusoidal in 

spite of voltage sag conditions.

�e last scenario is realized in order to demonstrate the performance of both control-

lers during voltage swell condition. Figure 21 shows waveforms when the grid voltages 

occur 30 % of three-phase voltage swells at t = 0.5 to 0.6 s. According to Fig. 21, when 

the voltage swell happens, the proposed controller rises 2004 V and reaches reference 

DC voltage at 0.63  s whereas DC voltage response obtained from PI controller rises 

2028 V and reaches reference DC voltage at 0.7 s. Figure 21c shows waveforms of the 

Fig. 19 Waveforms of EPT structure under voltage flicker case. a Grid voltages, b DC bus voltage responses 

of input stage, c DC bus voltage responses of isolation stage and d output voltages
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isolation stage in this scenario. Isolation stage based on DAB converter with the pro-

posed controller is more successful than PI controller in eliminating effect of the voltage 

swell in the input stage and the proposed controller has much better reference tracking 

without steady-state error after voltage swell occurs. Besides, Fig. 21d clearly indicates 

Fig. 20 Waveforms of EPT structure under voltage sag condition. a Grid voltages, b DC bus voltage 

responses of input stage, c DC bus voltage responses of isolation stage and d output voltages

Fig. 21 Waveforms of EPT structure under voltage swell condition. a Grid voltages, b DC bus voltage 

responses of input stage, c DC bus voltage responses of isolation stage and d output voltages
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that proposed EPT is able to regulate output voltages and compensate voltage swell in 

grid voltages.

Conclusion

EPT structure which has many superior features such as high power factor, voltage sag/

swell compensation, multi-functionality, excellent power quality compared with conven-

tional transformer is proposed in this study. EPT structure in this study is composed of 

input, isolation and output stages. �ree-phase PWM rectifier at the input stage is not 

only used in order to convert AC to the constant DC voltage, but also has reactive power 

compensation ability. PI controllers are generally used in PWM rectifiers due to their 

simple structures. However, PI controller needs mathematical model of the system to be 

controlled and has undesirable characteristics such as slow response, large overshoots 

and oscillation. To cope with these problems, neuro-fuzzy controller that has nonlinear, 

robust structure and which does not require the mathematical model of the system to 

be controlled is preferred in this study. Dual active bridge converter at isolation stage 

is used for DC–DC conversion and is controlled by neuro-fuzzy controller in order to 

obtain constant DC bus voltage. �ree-phase inverter that provides the desired power 

and voltage to load is located at the output stage. After designing of all stages, a number 

of simulation studies have been carried out in order to verify performance of EPT struc-

ture with the proposed controller under voltage harmonics, voltage flicker and voltage 

sag/swell conditions. �e simulation results illustrate that EPT structure with the neuro-

fuzzy controller provides more superior performance than PI controller with respect to 

rise time, settling time, overshoot, and power factor in all test conditions and is not sen-

sitive these conditions and is capable of regulating output voltages and compensating 

disturbances in grid voltages. Moreover, proposed EPT provides fast and controllable 

AC/DC responses because of strong structure of the neuro fuzzy controller and thus, 

improves the stability of power system.

Authors’ contributions

MS provided the basic idea of the research and supervise. HA researched the background literature, mathematical model 

of electronic power transformer and neuro fuzzy controller. HA, CY and FK modelled small signal models of three-phase 

PWM rectifier, DAB converter and three-phase inverter. FK, AG and HA developed the Simulink/MATLAB model of the 

power electronic transformer based on neuro-fuzzy controller, organized and drafting of the manuscript. All authors read 

and approved the final manuscript.

Author details
1 Department of Electrical Science, Kilis 7 Aralik University, Kilis 79000, Turkey. 2 Department of Electrical and Electronics, 

Faculty of Engineering, Kahramanmaras Sutcu Imam University, Kahramanmaras, Turkey. 

Competing interests

The authors declare that they have no competing interests.

Received: 23 March 2016   Accepted: 29 July 2016

References

Acikgoz H, Sekkeli M (2014) Simulation study of power electronic transformers with fuzzy logic controller. Int Refereed J 

Eng Sci 1:28–44

Acikgoz H, Kececioglu OF, Gani A, Yildiz C, Sekkeli M (2015) Optimal control and analysis of three phase electronic power 

transformers. Proc Soc Behav Sci 195:2412–2420

Bel Hadj-Youssef N, Al-Haddad K, Kanaan HY, Fnaiech F (2007) Small-signal perturbation technique used for DSP-based 

identification of a three-phase three-level boost-type Vienna rectifier. IET Electr Power Appl 1(2):199–208



Page 21 of 21Acikgoz et al. SpringerPlus  (2016) 5:1350 

Bifaretti S, Zanchetta P, Watson A, Tarisciotti L, Clare JC (2011) Advanced power electronic conversion and control system 

for universal and flexible power management. IEEE Trans Smart Grid 2(2):231–243

Blasko V, Kaura V (1997) A new mathematical model and control of a three-phase AC–DC voltage source converter. IEEE 

Trans Power Electron 12:116–123

Bouafia A, Krim FA (2008) Fuzzy-based controller for three-phase PWM rectifier with power factor operation. J Electr Syst 

4(1):36–50

Bouafia A, Gaubert JP, Krim F (2010) Design and implementation of predictive current control of three-phase PWM recti-

fier using space-vector modulation (SVM). Energy Convers Manag 51(12):2473–2481

Brando G, Dannier A, Del Pizzo A (2010) A simple predictive control technique of power electronic transformers with 

high dynamic features. In: 5th IET international conference on power electronics. Machines and drives (PEMD 2010), 

pp 1–6

Buckley JJ, Hayashi Y (1994) Fuzzy neural networks: a survey. Fuzzy Sets Syst 66(1):1–13

Dannehl J, Wessels C, Fuchs F (2009) Limitations of voltage oriented PI current control of grid-connected PWM rectifiers 

with LCL filters. IEEE Trans Ind Electron 56(2):380–388

Djerioui A, Aliouane K, Bouchafaa F (2014) Sliding mode direct power control strategy of a power quality based on a slid-

ing mode observer. Int J Electr Power Energy Syst 56:325–331

Dujic D, Zhao C, Mester A, Steinke JK, Weiss M, Lewdeni-Schmid S, Chaudhuri T, Stefanutti P (2013) power electronic trac-

tion transformer-low voltage prototype. IEEE Trans Power Electron 28(12):5522–5534

Ende W, Shenghua H (2013) Robust control of the three-phase voltage-source PWM rectifier using EKF load current 

observer. Prz Elektrotech 89(3A):189–193

Falcones S, Mao X, Ayyanar R (2010) Topology comparison for solid state transformer implementation. Power Energy Soc 

Gen Meet 1–8

Grider D, Das M, Agarwal A, Palmour J, Leslie S, Ostop J, Raju R, Schutten M, Hefner A (2011) 10 kV/120 A SiC DMOSFET 

half H-bridge power modules for 1 MVA solid state power substation. IEEE electric ship technologies symposium 

(ESTS)

Hiti S, Boroyevich D, Cuadros C (1994) Small-signal modeling and control of three-phase PWM converters. IAS Annu Meet 

2:1143–1150

Hooshmand RA, Ataei M, Rezaei MH (2012) Improving the dynamic performance of distribution electronic power trans-

formers using sliding mode control. J Power Electron 12(1):145–156

Hwang SH, Liu X, Kim JM, Li H (2013) Distributed digital control of modular-based solid-state transformer using 

DSP + FPGA. IEEE Trans Ind Electron 60(2):670–680

Jang JSR, Sun CT, Mizutani E (1997) Neuro-fuzzy and soft computing. Prentice Hall, Englewood Cliffs

Kang M, Enjeti PN, Pitel IJ (1999) Analysis and design of electronic transformers for electric power distribution system. 

IEEE Trans Power Electron 14(6):1133–1141

Kececioglu OF, Gani A, Sekkeli M (2016) A performance comparison of static VAr compensator based on Goertzel and FFT 

algorithm and experimental validation. SpringerPlus 5(1):391

Lai J, Maitra A, Mansoor A, Goodman F (2005) Multilevel intelligent universal transformer for medium voltage applica-

tions. IAS annual meeting industry applications conference, pp 1893–1899

Liu H, Mao C, Lu J, Wang D (2009) Optimal regulator-based control of electronic power transformer for distribution 

systems. Electr Power Syst Res 79(6):863–870

McCulloch WS, Pitts W (1943) A logical calculus of the ideas immanent in nervous activity. Bull Math Biophys 

5(4):115–133

McMurray W (1970) Power converter circuits having a high-frequency link. U.S Patent 3.517.300

Mohagheghi S, Venayagamoorthy GK, Harley RG (2007) Optimal neuro-fuzzy external controller for a STATCOM in the 

12-bus benchmark power system. IEEE Trans Power Deliv 22(4):2548–2558

Ronan ER, Sudhoff SD, Glover SF, Galloway DL (2002) A power electronic-based distribution transformer. IEEE Trans Power 

Deliv 17(2):537–543

Singh B, Singh BN, Chandra A, Al-Haddad K, Pandey A, Kothari DP (2004) A review of three-phase improved power quality 

AC–DC converters. IEEE Trans Ind Electron 51(3):641–660

Tuncer S, Dandil B (2008) Adaptive neuro-fuzzy current control for multilevel inverter fed induction motor. COMPEL 

27:668–681

Tuomas M, Aapo A, Teuvo S (2015) Generalized multivariable small-signal model of three-phase grid-connected inverter 

in DQ-domain. IEEE 16th workshop on control and modeling for power electronics (COMPEL) pp 1–8

Wang D, Mao C, Lu J, Fan S, Peng F (2007) Theory and application of distribution electronic power transformer. Electr 

Power Syst Res 77(3–4):219–226

Xu S, Xunwei Y, Fei W, Huang AQ (2014) Design and demonstration of a 3.6-kV-120-V/10-kVA solid-state transformer for 

smart grid application. IEEE Trans Power Electron 29(8):3982–3996

Yang T, Meere R, McKenna K, O’Donnell T (2015) The evaluation of a modular solid state transformer and low-frequency 

distribution transformer under daily loading profile. 17th European conference on electronics and applications 

(EPE’15 ECCE-Europe)

Yu RW, Zhang H, Tan GJ (2010) Design and implementation of H∞ controller for three-phase PWM rectifiers. Interna-

tional conference on computer application and system modeling, (ICCASM), vol 8, pp 869–872

Zadeh LA (1965) Fuzzy sets. Inf Control 8(3):338–353

Zhao Z, Han Y, Fan X (2012) Direct power vector control for PWM rectifier based on LQR algorithm. Appl Mech Mater 

143–144:144–147

Zhao T, Wang G, Bhattacharya S, Huang AQ (2013) Voltage and power balance control for a cascaded H-bridge converter-

based solid-state transformer. IEEE Trans Power Electron 28(4):1523–1532

Zhao C, Dujic D, Mester A, Steinke JK, Weiss M, Lewdeni-Schmid S, Chaudhuri T, Stefanutti S (2014) Power electronic trac-

tion transformer; medium voltage prototype. IEEE Trans Ind Electron 61(7):3257–3268


	Performance analysis of electronic power transformer based on neuro-fuzzy controller
	Abstract 
	Background
	Mathematical model of EPT
	Implementation and design of neuro-fuzzy controller
	Control of the input stage
	Control of the isolation stage
	Control of the output stage

	Simulation results
	Conclusion
	Authors’ contributions
	References


