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Abstract— This paper presents a control approach for a single 

switch inverter. The inverter exhibits non-minimum phase 

behavior in some of the operating modes. A dual feedforward 

controller was employed with an adaptive PI controller to obtain 

perfect tracking performance. The controller successfully isolates 

the non-minimum phase part of the system from the minimum 

phase. Both separated minimum phase and non-minimum phase 

sub-systems were used in the dual feedforward scheme to 

generate desired references. The non-minimum phase dynamics 

are transformed to minimum phase by using an inverse system 

transfer function as parallel compensator. The adaptive PI 

controller was used to track the voltage references.   

 

I. INTRODUCTION 

 new inverter shown in Fig. 1, was introduced to generate  

a pure sinusoidal output voltage [1]. The system behaves 

like a non-minimum phase system in all operating ranges 

except when it is operating to produce negative half cycle in 

buck mode.  When addressed from a control perspective, the 

right half plane zeros or the non-minimum phase zeros in the 

transfer function complicate the control design scheme [3],[4]. 

The response of such a system is characterized by undershoots 

and overshoots [2]. 

 
Fig. 1. Schematic diagram of the new Inverter 

    

These systems can be controlled if they could be converted 

to minimum phase systems. Parallel feedforward 

compensators can be used to convert any plant into a 

minimum phase system. Parallel compensators have been 

successfully implemented in [2], [5]-[9] and are proven to be a 

more efficient way of controlling non-minimum phase systems 

compared to pole-zero cancellation techniques [10]-[11]. For 

non-minimum phase systems, pole-zero cancellation can lead 

to having unstable structure of feedback controller. However, 

this method uses a compensator T(s) which is not a part of the 
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plant but is derived to make the plant a minimum phase 

system. 

This paper uses a Dual Feed forward Predictive Control 

structure to solve the tracking problem of a non-minimum 

phase system.  

In general the DFPC may provide perfect tracking for [12], 

Stable and unstable systems, Biproper and strictly proper 

systems, Minimum and non-minimum phase systems. 

In this case, the feedforward controller is used to provide 

either the feedforward prediction or the ballistic response. The 

feedforward controllers are based on the plant model [12]. The 

feedback controller is responsible for tracking reference 

signals. For perfect tracking, the reference signal is divided 

into two signals namely a reference signal that can be inverted 

by the ballistic response and a prediction of the path that the 

plant output will follow based on the ballistic response. The 

feedback controller is designed to result in perfect tracking 

performance. A simple PI controller can be used for 

regulations. However, for reference tracking a gain adaptation 

is utilized to constantly tune the gains of the controller [16]-

[19].  

Section II covers the method of dual feedforward control 

and Section III covers the application of this control technique 

to the system. Section IV presents the simulation results. 

II. DUAL FEEDFORWARD PREDICTIVE CONTROL  

This method of feedforward control is used to force the 

non-minimum phase system to behave like a minimum phase 

system. In this method, the plant is split into two parts to 

generate two signals. One signal is to make the plant track ������ with a feedforward control signal ������ that drives the 

plant to track the reference signal. The signals produced by the 

feedforward transfer functions are assumed to contain 

bounded energy and have no influence on the closed loop 

stability [12]. For perfect tracking, the error should reach zero 

which can be accomplished using various types of controller 

including a simple gain [2]. However, in the new inverter 

circuit, an adaptive PI controller is required to adjust the gains 

continuously.  The block diagram, for the structure of a dual 

feedforward predictive control (DFPC) is shown in Figure 2. 
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Fig. 2. Block Diagram of Dual Feedforward Predictive Control 

 

The stable and causal blocks  ��	
��� and �
���� are the 

non–invertible and invertible parts of the plant. The non-

invertible part refers to the non-minimum phase and unstable 

part of the plant where as the invertible part refers to the 

minimum phase and stable part of the plant. ������� is the 

design parameter that determines the reference signal and the 

feedforward control signal. The conditions to be satisfied by 

the design parameter are: 

1. The steady state gain from ���� to ������ must be unity 

gain i.e. �����0���	
�0� � 1. 
2. The feedforward transfer functions ��1 �

���������	
��� and ��2 � ��������
���� must be 

proper. 

The first condition is required so that the steady state 

reference equals the actual reference; ������ � ���� .The 

second condition is required to make the feedforward 

controller realizable from the hardware point of view. The 

conclusion drawn from the second condition is that �������is 

stable and the relative degree of ������� is greater than or 

equal to the relative degree of �
���. 

Also, the controller ���� should be designed to guarantee 

internal stability. The nominal tracking requirements are 

satisfied by the feedforward paths and the feedback controller 

focuses on correcting model inaccuracies and disturbance 

rejection. 

In particular, ���������	
��� determines the class of signal 

that has to be perfectly tracked and ��������
���� determines 

the associated feedforward control signal to achieve perfect 

tracking. Consider the plant to have a transfer function as 

follows: 

���� � ����������������
����������  

where ���  is the DC gain of the system, ������  is the 

minimum phase polynomial of the numerator while ������� 

is the non-minimum phase polynomial of the numerator.	����� 

is the stable denominator polynomial and ����� is the unstable 

denominator polynomial. 

The transfer function is decomposed into two parts: �
��� 

and ��	
���. �
��� contains the minimum phase numerator 

polynomial and the denominator polynomial and ��	
���  

contains the non-minimum phase numerator polynomial. 

 

�
��� � !"#$%&���
�'����(���      and    ��	
��� � ������� 

 

It is to be noted that the transfer functions �
��� and ��	
��� are not proper and cannot be realized as individual 

systems. This leads to the selection of the design parameter ������� such that the feedforward transfer functions FF1 and 

FF2 are proper and realizable.  

The control effort is a sum of the feedforward control signal 

obtained at the output of the block �
���� and the feedback 

control signal obtained at the output of ����.  

III. FEEDBACK CONTROLLER 

The feedback controller needs to be designed to provide 

zero tracking error. In some cases, a simple gain or simple PI 

controller can be very effective [2]. However, PI controllers 

give best results when the goal of control is regulation. Also, 

using a simple PI controller needs tuning of the gains offline. 

In our case, the signal to be tracked is continuously varying 

(sine wave) and thus an adaptive PI controller structure was 

considered suitable. Also, the gains of adaptive controller are 

tuned automatically online [6]. Any change in the control 

objectives or change in the plant parameters can be 

compensated by using online tuning of the gains of the 

controller [14]. 

The self-tuning PI controller is viewed as a non-linear 

controller as the gains �� and �
 are varying continuously. It 

is not necessary for the gains to converge to a constant value.  

The equations for the proportional gain �� and integral gain 

�
 are obtained from [14] as: 

)��* � +,-.
�/* � +,-.0

                                                     (1) 

 
where , 1 0 is the adaption gain, - is the error between the 

plant output and the reference input, y is the output of the 

proportional block and y0 is the output of the integral block of 

the controller. 

IV. CONTROLLER DESIGN FOR NEW INVERTER 

A. Buck Operation  

When the inverter operates in buck mode to produce 

positive cycle of output voltage, the control to output transfer 

function has non-minimum phase behavior. 

For buck operation with duty cycle as 30%, and the 

following parameters:3 � 145, 30 � 2545,	7 � 14�, 70 �759� and  : � 5, the control to output transfer function is 

determined as follows: 

 

��;��� � ���<=.=>���?<@.ABB=�C<D.=>0�<@.>EB�
�F<@.@DE>�?<AE.DG�C<@.0>D�<@.@@0G   

 

The transfer function is decomposed as follows: 

������ � ��D H 0.4775�0 H 3.5821� H 0.1897�
�A H 0.0398�D H 49.36�0 H 0.1283� H 0.0026 

	������� � �+� H 5.58� 
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The minimum phase part is the stably and causally 

invertible �
 and the non-minimum phase part is considered to 

be causally non-invertible��	
. 
 

�
���� � �A H 0.0398�D H 49.36�0 H 0.1283� H 0.0026
��D H 0.4775�0 H 3.5821� H 0.1897�  

 ��	
��� � �+� H 5.58� 

 

Following the design requirements for the choice of ������� 

the relative degree of ������� is chosen to be equal to 1 and 

has the structure as: 

������� � N
O�< where P is varied to determine a suitable 

response.  

In addition, where ��	
�0� � 5.58 yields  �����0� � Q �5.58� 

Thus, ������� � =.=>RS
O�<  

The presence of right half plane (RHP) zero means that the 

step response will have an undershoot that is related to the 

value of P. The value of P is determined such that the 

undershoot is reduced and the response is fast. It is a trade-off 

between the undershoot and the response time. For smaller 

values of P, the response is fast but the undershoot is larger 

and for larger values of P, the undershoot is less but the 

response is slower.[11]. The step response of this system is 

shown in Fig. 3 for various values of P � 5 is chosen to give 

the best result. 

 
Fig. 3. Step Response of system for positive half cycle for duty 

cycle of 30%  

 

When the inverter operates in buck mode to produce 

negative cycle of output voltage, the control to output transfer 

function has minimum phase behavior. 

For operation with duty cycle as 30%, the control to output 

transfer function is determined as follows: 

��;��� � �A H 0.1276�D H 49.24�0 H 0.6402� H 0.0297
�A H 0.0398�D H 49.36�0 H 0.1283� H 0.0026 

 

The transfer function is decomposed as follows: 

 

������ � �A H 0.1276�D H 49.24�0 H 0.6402� H 0.0297
�A H 0.0398�D H 49.36�0 H 0.1283� H 0.0026 

		������� � 1 

The minimum phase part is the stably and causally 

invertible �
 and the non-minimum phase part is considered to 

be causally non-invertible��	
. 
 

�
���� � �A H 0.0398�D H 49.36�0 H 0.1283� H 0.0026
�A H 0.1276�D H 49.24�0 H 0.6402� H 0.0297 

 ��	
��� � 1. 

The relative degree of ������� is required to be greater than 

or equal to the relative degree of �
���. Since the relative 

degree of �
��� is zero, the relative degree of ������� is 

assumed to be zero. 

������� � �� H Q�
P� H 1  

 

In addition, ��	
�0� � 1 and thus	�����0� � Q � 1, 

Therefore, 

������� � � H 1
P� H 1 

The value of P is determined from the step response of the 

system operating to produce negative peak as shown in Fig. 4. 

The value of P was not considered to be one because then it 

would reduce the design parameter ������� to one. In this 

case, there is no undershoot as the system has minimal phase 

behavior. The value of P was selected to be 5 to be in 

coherence with ������� of other case. 

 
Fig. 4. Step Response of system for negative half cycle for duty 

cycle of 30% 

 

The system when operating to produce a complete cycle for 

duty cycle of 30% was simulated using the DFPC control and 

adaptive PI. Fig. 5 shows the tracking of the plant output. The 

plant output follows the reference signal exactly at every 

instant of time. 
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Fig. 5. Perfect tracking for inverter operation with duty of 30% 

 

 The output of the plant was made to track the reference 

signal exactly.  

  

B. Boost Operation 

When the inverter operates in boost mode to produce 

positive cycle of output voltage, the control to output transfer 

function has non-minimum phase behavior. 

For boost operation with duty cycle as 70%, and the 

following parameters:3 � 145, 30 � 2545,	7 � 14�, 70 �759� and  : � 5, the control to output transfer function is 

determined as follows: 

��;��� � �+� H 1.1681���D H 0.2911�0 H 3.089� H 0.1640�
�A H 0.0236�D H 10.96�0 H 0.0701� H 0.0004  

 
The transfer function is decomposed as follows: 

 

������ � ��D H 0.2911�0 H 3.089� H 0.1640�
�A H 0.0236�D H 10.96�0 H 0.0701� H 0.0004 

�	������ � �+� H 1.1681�	
 

The minimum phase part is the stably and causally 

invertible �
 and the non-minimum phase part is considered to 

be causally non-invertible ��	
. 
 

�
���� � �A H 0.0236�D H 10.96�0 H 0.0701� H 0.0004
��D H 0.2911�0 H 3.089� H 0.1640�  

��	
��� � �+� H 1.1681�	The	 design	 parameter	 �������	 is	 found	 to	 have	 the	structure	as	
������� � Q

P� H 1	
In	 addition,	 ��	
�0� � 1.1681	 and	 thus	 �����0� � Q �1.1681�			
Therefore, 

	������� � 1.1681�
P� H 1  

The value of P is determined from the step response of the 

system. The trade-off leads to selection of P � 5. The step 

response of the system is shown in Fig. 6. 

 
Fig. 6. Step Response of system for positive half cycle for duty 

cycle of 70%  

 

From Fig 6., it can be seen that for value P=1 , the 

undershoot is large while the time taken for the response to 

settle is very small. For P � 10, the undershoot is small but 

the response time is very large. The best response can be 

obtained for P � 5. 
When the inverter operates in boost mode to produce 

negative cycle of output voltage, the control to output transfer 

function has non-minimum phase behavior. 

For operation with duty cycle as 70%, the control to output 

transfer function is determined as follows: 

 

��;��� � �+� H 0.0009���D H 0.0183�0 H 10.93� H 0.0689�
�A H 0.0236�D H 10.96�0 H 0.0701� H 0.0004  

 

The transfer function is decomposed as follows: 

������ � ��D H 0.0183�0 H 10.93� H 0.0689�
�A H 0.0236�D H 10.96�0 H 0.0701� H 0.0004 

�	������ � �+� H 0.0009�	
The minimum phase part is the stably and causally 

invertible �
 and the non-minimum phase part is considered to 

be causally non-invertible ��	
. 
 

�
���� � �F<@.@0DG�?<@.EG�C<@.@B@�<@.@@@A
��?<@.@>D�C<@.ED�<@.@G>E� ,  

 ��	
��� � �+� H 0.0009�.			The	structure	of	�������	is	selected	to	be	as	follows:	
������� � Q

P� H 1	
Considering, ��	
�0� � 0.0009 and thus  �����0� � Q �0.0009� 

Therefore, 

������� � 0.0009�
P� H 1  
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The value of P is determined from the step response of the 

system as shown in Fig. 7. The value of	P which gives the best 

trade-off is selected. The undershoot is unacceptable for P=1 

while the time taken for the response to settle is unacceptable 

for P=10. 

 
Fig. 7. Step Response of system for negative half cycle for duty 

cycle of 70%   

 

The simulation result for perfect tracking of this system 

when operating to boost the input voltage with duty cycle of 

70% is shown in Fig. 8. 

 
Fig. 8. Perfect tracking for inverter operation with duty of 70% 

A single structure of feedback controller was designed for 

the inverter operating to produce positive and negative half 

cycles. An adaptive PI controller was selected and designed 

using MATLAB/SIMULINK. The gains of the controller were 

taken from equation (1). 

V. CONCLUSION 

A controller was designed for perfect tracking of a new 

single switch inverter which behaves like a non-minimum 

phase system when operating in certain operating ranges. A 

dual feedforward predictive control technique was used which 

converted the non-minimum phase system to a minimum 

phase system by using a parallel compensator. The plant was 

decomposed into two parts which produce two different 

signals: one of which was the reference that was tracked by 

the plant and the other was the feedforward control signal. A 

feedback controller was used to eliminate the tracking error. 

The sum of the signal from the feedback controller and the 

feedforward control signal was the input to the plant which 

tracks a reference signal perfectly. An adaptive PI controller 

was chosen over fixed gain PI so that the gains of the 

controller could be tuned real-time to compensate for changes 

in plant behavior or control objective. The controller was 

simulated using MATLAB/SIMULINK and resulted in  

perfect tracking performance. 

 

REFERENCES 

 

[1] A.Izadian, ”A Synchronous Single Switch Inverter,” IEEE 

Electric Machines and Drives Conference, Chicago, IL, 2013.     
[2] Gavini, L.; Izadian, A.; Lingxi Li, "A parallel compensation 

approach in controls of buck-boost converters," IECON 2011 - 

37th Annual Conference on IEEE Industrial Electronics Society 

, vol., no., pp.451,455, 7-10 Nov. 2011 

[3] Bernstein, D.S., "What makes some control problems hard?," 

Control Systems, IEEE , vol.22, no.4, pp.8,19, Aug 2002 

[4] Freudenberg, J.S.; Looze, D., "Right half plane poles and zeros 

and design tradeoffs in feedback systems," Automatic Control, 

IEEE Transactions on , vol.30, no.6, pp.555,565, Jun 1985 

[5] Iwai, Z.; Mizumoto, I.; Mingcong Deng, "A parallel feedforward 

compensator virtually realizing almost strictly positive real 

plant," Decision and Control, 1994., Proceedings of the 33rd 

IEEE Conference on , vol.3, no., pp.2827,2832 vol.3, 14-16 Dec 

1994 

[6] Iwai, Z.; Mizumoto, I.; Liu, L.; Shah, S.L.; Jiang, H., "Adaptive 

Stable PID Controller with Parallel Feedforward Compensator," 

Control, Automation, Robotics and Vision, 2006. ICARCV '06. 

9th International Conference on , vol., no., pp.1,6, 5-8 Dec. 

2006 

[7] Misra, P., "On the Control of Non-Minimum Phase Systems," 

American Control Conference, 1989 , vol., no., pp.1295,1296, 

21-23 June 1989 

[8] Gessing, R., "Parallel compensator for control systems with 

nonminimum phase plants," American Control Conference, 

2004. Proceedings of the 2004 , vol.4, no., pp.3351,3356 vol.4, 

June 30 2004-July 2 2004 

[9] Misra, P.; Patel, R. V., "Transmission zero assignment in linear 

multivariable systems. I. Square systems," Decision and 

Control, 1988., Proceedings of the 27th IEEE Conference on , 

vol., no., pp.1310,1311 vol.2, 7-9 Dec 1988 

[10] Kahne, Stephen, "Pole-zero cancellations in SISO linear 

feedback systems," Education, IEEE Transactions on , vol.33, 

no.3, pp.240,243, Aug 1990 

[11] Anderson, B.; Gevers, M., "On multivariable pole- zero 

cancellations and the stability of feedback systems," Circuits 

and Systems, IEEE Transactions on , vol.28, no.8, pp.830,833, 

Aug 1981 

[12] Buehner, M.R.; Young, P.M., "Perfect tracking for non-

minimum phase systems," American Control Conference (ACC), 

2010 , vol., no., pp.4010,4015, June 30 2010-July 2 2010 

[13] Sung Min Park; Yong Duk Lee; Sung-Yeul Park, "Voltage 

sensorless feedforward control of a dual boost PFC converter for 

battery charger applications," Energy Conversion Congress and 

Exposition (ECCE), 2011 IEEE , vol., no., pp.1376,1380, 17-22 

Sept. 2011 

[14] Muro, K.; Nabeshima, T.; Sato, T.; Nishijima, K.; Yoshida, S., 

"H-bridge buck-boost converter with dual feedforward control," 

0 5 10 15 20 25 30 35 40 45 50
-1200

-1000

-800

-600

-400

-200

0

200

Time (sec)

V
o
lt
a
g
e
 (

V
)

Step Response - Negative Half Cycle - duty cycle:70%

 

 

Input r(t)

Output y(t)-alpha=1

Output y(t)-alpha=5

Output y(t)-alpha=10

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-200

-150

-100

-50

0

50

100

150

200

Time(s)

V
o
lt
a
g
e
(V

)

Tracking of Single Switch Inverter - Boost

 

 

Plant Output

Reference Signal



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

6

Power Electronics and Drive Systems, 2009. PEDS 2009. 

International Conference on , vol., no., pp.1002,1007, 2-5 Nov. 

2009 

[15] Feng Lin; Brandt, R.D.; Saikalis, G., "Self-tuning of PID 

controllers by adaptive interaction," American Control 

Conference, 2000. Proceedings of the 2000 , vol.5, no., 

pp.3676,3681 vol.5, 2000 

[16] Hensel, B.; Vasyutynskyy, V.; Ploennigs, J.; Kabitzsch, K., "An 

adaptive PI controller for room temperature control with level-

crossing sampling," Control (CONTROL), 2012 UKACC 

International Conference on , vol., no., pp.197,204, 3-5 Sept. 

2012 

[17] Ramirez, T.A.; Paz, M. A.; Fernandez, R.; Rodriguez, J.I.O., 

"Adaptive PI controller for a flow process, using an industrial 

platform with an OPC communication protocol," Electrical 

Engineering Computing Science and Automatic Control (CCE), 

2011 8th International Conference on , vol., no., pp.1,6, 26-28 

Oct. 2011 

[18] Yamamoto, T.; Shah, S.L., "Design of a Performance-Adaptive 

PID Controller," Networking, Sensing and Control, 2007 IEEE 

International Conference on , vol., no., pp.547,552, 15-17 April 

2007 

[19] Nascu, I.; De Keyser, R.; Folea, S.; Buzdugan, T., 

"Development and Evaluation of a PID Auto-Tuning 

Controller," Automation, Quality and Testing, Robotics, 2006 

IEEE International Conference on , vol.1, no., pp.122,127, 25-

28 May 2006 


