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Abstract–This paper proposes a single phase ac-ac 

transformerless voltage regulator based on a simple ac-ac 

converter. The converter is analysed through state space 

averaging technique followed by small signal analysis. The 

proposed system employs a pulse width modulation (PWM) 

ac-ac converter along with feed-forward and PID closed loop 

control and uses power semiconductor device IGBT as bi-

directional switch. This circuit can easily maintain constant 

voltage at the output to the end user and power quality 

problems both steady and dynamic in nature are arrested by 

this technique. The controller is designed based on its 

stability analysis. The system is verified with simulation and 

experimental results. 
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I.  INTRODUCTION 

 

Traditional ac voltage regulators [1]-[3] are made with tap 

changer transformers. To obtain variable ac voltage from a 

constant ac voltage source, PWM single phase ac-ac 

choppers [4]-[6] have been widely used in ac power 

control applications such as light dimming, heater control, 

and ac motor speed control. There are different types of 

power quality problems exist in transmission and 

distribution system like transients, voltage sags, surges, 

harmonics and impulses. Because the power electronics 

technology has played a role in different areas in which 

technology can be manipulated into several forms. Again, 

the traditional single phase ac-ac converters are 

implemented by anti-parallel ac thyristor pairs or traic, 

employing phase angle or integral cycle control methods 

to obtain the desired output ac voltage. But, these 

techniques are having disadvantages like low power factor, 

high total harmonic distortion (THD) in the source current 

and poor power transfer efficiency. The proposed circuit is 

to design a transformerless voltage regulator having fast 

dynamic response and a good percentage of the voltage 

regulation. A single phase ac-ac voltage regulator is 

operating with a simple “feed-forward” design and PID 

closed loop control. The proposed circuit is to design a 

transformerless voltage regulator having fast dynamic 

response and a good percentage of the voltage regulation.  

 

They have advantages like the better power factor, 

efficiency, and low harmonic contain in transmission line, 

easy control, smaller size and lower cost.   It   is   a   single 

stage ac-ac power conversion topology. 
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Small Signal analysis is used to approximate the behaviour 

of nonlinear devices with linear equations. State space 

averaging is a powerful tool for analysis of pulse width 

modulated converters. Small signal analysis is used for the 

analysis of dynamic model of buck-boost circuit [7]-[10].  

 

One of the main requirements is to study stability [11]-[15] 

of the system. In this paper, the stability analysis of the 

buck-boost converter in s domain is investigated by using 

the transfer function through different approach.  

 

In this paper, the single phase ac-ac power converter is 

presented with a different kind of topology. The converter 

system is employing a feed-forward controller and PID 

controller which runs as an ac regulator under wide input 

variable condition. The high frequency switching of two 

set of bi-directional switch through proper duty ratio 

control can provide variable output voltage in buck-boost 

mode. Feed-forward control technique can eliminate the 

effect of the disturbance on the process output. 
 

II.    ANALYSIS OF THE CONVERTER 

 

The topology of the buck-boost converter is a cascade 

connection of inductance and capacitance (Fig. 1). The 

main application of this circuit is in single phase ac 

chopper power supply, where a negative polarity output 

may be desired with respect to the common terminals of 

the input voltage. The output voltage can be controlled by 

changing the duty ratio. This output voltage may be higher 

or lower than input voltage, depending on the duty ratio. 

The circuit contains two bi-directional switches i.e. S1 and 

S2 with the inductor, capacitor and load. Switches S1 and 

S2 turn on alternately i.e. when S1 turns ON at that time 

S2 turns OFF and vice versa. When S1 is closed and S2 is 

open, source energy is dumped into inductor. That means 

source power does not transferred into load. When S2 is 

closed and S1 is open, the stored energy inductor is 

transfer through L-S2- load. If both switches are open, then 

no power is transferred to be source to the load. When 

duty ratio is less than 0.5, it operates in buck mode and 

when duty ratio is larger than 0.5, it operates in boost 

mode. 

 

The relationship between input and output voltage is 

 

 

        𝑉𝑜/𝑉𝑖 =  −  𝐷/(1 − 𝐷)                       (1) 

 

                                                   

where 𝑉𝑜 is the output voltage, 𝑉𝑖 is the input voltage and 

D is duty ratio. The negative sign indicates the output 

phase is out of phase with the input. The open loop buck 

boost characteristic is shown in Fig. 2.  
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Fig. 1: Topology of the ac-ac converter 

 

Fig. 2: Open loop characteristics of the converter 

 

III. SMALL SIGNAL ANALYSIS 

 

Small signal modeling is a common analysis which is used 

to approximate the behaviour of nonlinear devices with 

linear equations. Since most of the systems are non-linear 

in nature, hence we require linearization. The assumptions 

made for the purpose are: Inductors, capacitors, and 

resistors are linear, time invariant, and frequency 

independent, all semiconductor switches, i.e. the IGBT 

and diode are ideal switch. The converter time constant of 

the circuit is much larger than one switching time period.  

 

Now, assuming input voltage - 𝑣𝑖 , output voltage - 𝑣𝑜 , 

voltage across inductors - 𝑣𝐿, voltage across capacitors - 

𝑣𝐶 , current through inductors - 𝑖𝐿 , output current-𝑖𝑜, and 

input current -𝑖𝑖  .                           

  

Also, order of the system = 2, states of the system- 

𝑋 = [
𝑖𝐿

𝑣𝐶
] , inputs of the system-  𝑢 = [

𝑣𝑖

 𝑖𝑜
] , output of the 

system- 𝑦 = [
𝑣𝑜

 𝑖𝑖
].                                

 

Now, when S1 is closed and S2 is open i.e. during [DT], 

where D and T are the duty cycle and time period 

respectively, the Fig. 3(a) gives the state equation as 

 

[
𝑖�̇�

𝑉�̇�
] =  [

0 0
0 0

] [
𝑖𝐿

𝑉𝐶
] + [

1/𝐿 0
0 −1/𝐶

] [
𝑉𝑖

𝑖𝑜
]                (2) 

 

When S2 is closed and S1 is open, i.e. during [(1-D) T], 

the state equation is derived as from Fig. 3(b) 

 

 [
𝑖�̇�

𝑉�̇�
] =  [

0 1/𝐿
−1/𝐶 0

] [
𝑖𝐿

𝑣𝐶
]  +  [

0 0
0 −1/𝐶

] [
𝑉𝑖

𝑖𝑜
]       (3)   

                

We take signals as a sum of steady state value and small 

signal value. In the other words, we apply perturbations to 

the quantities as follows- 

 

 𝑣𝑖 =  𝑉𝑖 + 𝑣�̂� , 𝑖𝑖 =  𝐼𝑖 + 𝑖�̂� , 𝑖𝐿 =  𝐼𝐿 + 𝑖�̂� , 𝑣𝐶 =  𝑉𝐶 + 𝑣�̂� , 

𝑣𝑜 =  𝑉𝑜 + 𝑣�̂�, 𝑖𝑜 =  𝐼𝑜 + 𝑖�̂�, 𝑑 = 𝐷 + �̂�   where 𝑣�̂� , 𝑖�̂� , 𝑖�̂� , 

𝑣�̂� , 𝑣�̂� , 𝑖�̂� , �̂� are small signal value and steady state value 

𝑉𝑖, 𝐼𝑖 ,  𝐼𝐿  , 𝑉𝐶  , 𝑉𝑜 𝐼𝑜 , 𝐷.  

 

After application of perturbation, we apply state space 

averaging method to obtain the average model as 

 

�̇̂� = 𝐴.̅ �̂� +  𝐵.̅ �̂� + [(𝐴1 − 𝐴2). 𝑋 

+(𝐵1 − 𝐵2). 𝑈]. �̂�                  (4) 

 

where     

�̅� = 𝐴1. 𝐷 + 𝐴2. (1 − 𝐷) and  �̅� = 𝐵1 . 𝐷 + 𝐵2. (1 − 𝐷) 

 

where, A1 and A2 are System matrix and B1 and B2 are 

input matrix. 

 

Similarly, small signal output equation will be as follows- 

 

�̂� = 𝐶̅�̂� + �̅�. �̂� + [(𝐶1 − 𝐶2). 𝑋 + (𝐷1 − 𝐷2). 𝑈]. �̂�          (5)   

      

Then, the state space averaging equation is derived as 

 

           [
𝑖�̂�

𝑣�̂�
] =   [

0 −(𝐷 − 1)/𝐿
(𝐷 − 1)/𝐿 0

] [
𝑖�̂�

𝑣�̂�
] +

                     [
𝐷/𝐿 0 (𝑣𝑖 − 𝑣𝐶)/𝐿

0 −1/𝐶 𝑖𝐿/𝐶
] [

𝑣�̂�

𝑖�̂�

�̂�

]                (6)                               

The output equation is derived as 

 

[
𝑣�̂�

𝑖�̂�
] =  [

0 1
𝐷 0

] [
𝑖�̂�

𝑣�̂�
] + [

0 0 0
0 0 𝑖𝐿

] [

𝑣�̂�

𝑖�̂�

�̂�

]         (7) 

 

 
(a) 

 
(b) 

Fig. 3: Equivalent circuit (a) when S1 is on and S2 is off (b) 

when S2 is on and S1 is off 

 

IV. STABILITY ANALYSIS 

 

Transfer function is derived for the converter considering 

its operating value D = 0.667, input Voltage = 200V, 

voltage across C = 400V, L = 0.8mH, C = 20µF. 

 

𝐺(𝑠) =
2.5×105𝑆+3.918×107

𝑆2+ 6.523×104                        (8) 

 

It is clear from pole-zero map of the above transfer 

function that poles are located on imaginary axes. The 

pole location of the system in Fig. 4 shows that the system 

is marginally stable. 
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Now, the closed loop transfer function with unity feedback 

is given as- 

𝐺(𝑠) =  
2.5×105𝑆+3.918×107

𝑆2+ 2.5×105𝑆+3.924×107                      (9) 

 

It is clear from unity feedback system pole-zero plot 

shown in Fig. 5 that poles are located in left half of the s-

plane. The close loop transfer function goes on stable. 

 
Fig. 4: Pole-zero map of open loop control system 

 
Fig. 5: Pole- zero Map of unity feedback system 

 

V.   PROPOSED VOLTAGE REGULATOR 

 

As the closed loop system with unity feedback is stable 

system, it needs to design a controller which improves the 

stability of the previous systems and provide a stable 

output voltage. So, a PID controller is used to get the 

desired output, which includes various methods to get 

appropriate design parameters of the PID controller. This 

is further verified by direct tuning method and ‘sisotool’ in 

MATLAB. So the controller provided control transfer 

function with unity feedback is given by: 

 

 𝐺𝐶𝑉(𝑆) =  0.1
(1+2.4 𝑆)

𝑆
                           (10) 

 

After the application of controller, the poles of the system 

is shifted to left side of the s-plane and also the system 

looks highly stable by its step response as indicated in Fig. 

6. The schematic diagram of the system is presented in Fig. 

7. 

 
Fig. 6: Pole- zero Map and Step response of unity feedback 

system with controller provided 

 

 
Fig. 7: Proposed closed loop system 

 

 

VI. RESULTS AND DISCUSSION 

 

 

In order to verify the proposed single phase ac-ac 

converter in open loop, the PSIM simulation software is 

used. The components are chosen for simulation are L = 

0.8mH, C = 20µF, and Resistive load = 1200ohm. The 

bidirectional switches are designed with two IGBTs 

connected back to back in series. The switching frequency 

was set to 5 KHz and input sinusoidal voltage is selected 

as 200V peak. When D = 0.25, the input voltage is buck to 

46 Vrms from 141 Vrms at the output and when D = 0.67, the 

output voltage is boosted to 283 Vrms from 141 Vrms input 

voltage. The buck and boost operation is clear from the 

waveform shown in Fig 8(a) and 8(b). The output voltage 

waveform is out of phase with the input voltage. Because 

of that, the voltage stress across switch is more equal to 

sum of the input and output peak voltages. The switching 

stress is therefore increased during boost condition.   

 

The proposed single phase closed loop ac-ac regulator has 

the buck-boost capability i.e. it can operate in buck or 

boost mode depending upon desired output voltage and 

this overcome the problem of voltage sag or voltage surge 

in power system. Simulation result is carried out based on 

the proposed control system. The feed-forward system 

automatically selects the value of gain and accordingly the 

desired output voltage. A set of results shown in Table I 

prove its capability of buck, boost and regulation.  

 

To check its dynamic response, input voltage is varied 

suddenly. First a voltage surge is applied at steady running 

condition from 170V to 280V rms and then voltage sag is 

applied over the steady voltage from 200V to 140V rms. 

 

The input and output voltage waveforms are recorded in 

Fig. 9 and Fig. 10 respectively for sag and surge 

conditions and it shows a steady value except some small 

transient during change over instant in both the cases. 

 

The laboratory based experimental setup is also done for 

analysis, the control is implemented with microcontroller 

and it will provide to voltage regulation as a viable 

solution. The experimental waveform of output voltage is 

shown in Fig. 11. 
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(a) 

 

 
 

 
 

 
 

(b) 
Fig. 8: Waveforms for Input voltage (V), Output voltage (V), 

Input current (A), Inductor current (A), Output current (A) and 

Capacitor voltage (V) under open loop condition of the converter 

at (a) Buck mode with D= 0.25 (b) Boost mode with D=0.67 

 

Fig. 9: Waveforms with PID Controller during input voltage Sag 

condition .(a) Output Voltage. (b) Input Voltage. 

 

Fig. 10: Waveforms with PID Controller during input voltage 

Surge condition .(a) Output Voltage. (b) Input Voltage. 

 

 

Fig. 11: Experimental waveform of output voltage 

 

Table 1: Simulation and experimental results showing buck-

boost and regulation  (Output set value = 200V) 

Input  

Voltage  

(Vrms) 

Simulation 

Output 

Voltage 

(Vrms) 

Experimental 

Output Voltage 

(Vrms) 

230V 210.60V 205.60V 

220V 210.0V 203.50V 

200V 208.10V 203.0V 

184V 207.20V 200.80V 

170V 200.30V 197.60V 

163V 199.20V 196.0V 

150V 198.75V 194.80V 

 

VII. CONCLUSION 

 

In this paper, a novel simple single phase ac-ac buck-boost 

converter with closed loop feed-forward control and PID 

control are proposed. With a simple technique single phase 

AC-AC converter can keep the output voltage steady by 

operating at buck-boost mode. The proposed topology has 

the capability to overcome the voltage sag or voltage surge 
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in transmission line and distributed power system. This 

work shows that ac-ac converter performs well during the 

voltage fluctuation. The operating principle, steady-state 

and transient analysis of the system were presented. To 

verify the proposed system, the simulation and laboratory 

based experiments are carried out. The fast response will 

allow rural power consumers, to better withstand variable 

voltage conditions and can provide reliable and quality 

power supply. The proposed circuit is simple, robust and 

low cost. It has only drawbacks like inverted phase at the 

output and maximum voltage stress across switches.  
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