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Abstract. This paper presents the design of an Internal Model 

Control – 1 Degree of Freedom (IMC-1DOF) controller applied 

to a Zero Voltage Switching (ZVS) Full-Bridge DC-DC 

converter that will be used in photovoltaic systems for Maximum 

Power Point Tracking (MPPT), with the objective of developing 

a single phase micro inverter. It will be presented the 

mathematical modeling of this converter to control the input 

voltage aiming the application in MPPT and the design of the 

respective controller IMC-1DOF. The proposal testing and 

validation strategy was performed by comparison with a PI 

compensator. The performance of both controllers are evaluated 

and discussed.  
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1. Introduction 

Several commercial inverters work with strings, which 

are series and / or parallel arrays of photovoltaic panels at 

their inputs and have a DC-DC converter - usually a Boost 

- per string for the purpose of tracking the maximum 

power point (MPPT). However, when partial shading of 

one or more PV panels of a string occurs, part of the 

energy generated is lost because the overall maximum 

point (in terms of generated power) is not the algebraic 

sum of local maximums that occur in shading cases, thus 

reducing the overall efficiency of these systems. In order 

to overcome this limitation, [1] proposed the topology in 

which each PV panel or even a small string has its own 

DC-DC converter that is connected to a single centralized 

DC-AC converter. 

For the purpose of increasing the economic feasibility 

and the flexibility in terms of installed power, added to the 

efficiency increase when using a converter for each PV 

panel, the integrated micro-inverters were proposed, which 

add MPPT functionalities and connection to the AC grid 

[2]. 

A DC-DC converter typically used in this application 

is ZVS Full-Bridge, because the static gain can be easily 

achieved in the proper design of its transformer.  

In addition, the zero voltage switching (ZVS) obtained 

by PWM by phase shift modulation makes this converter 

energy efficient due to the consequent reduction of 

conduction losses in the switches, which is the expected 

in PV systems [3]. 

In [4] a study of this converter is presented, in the 

composition of a micro inverter, however, more attention 

was given to the study of the dynamics of the inverter 

output LCL filter and the control of the current injection 

made by the resonant controller. Whereas in [5] a 

detailed study of the dynamics of the ZVS Full-Bridge 

converter is made and its model of small signals for 

application in MPPT is presented. However, the design of 

suitable compensators for this converter and application 

has not been addressed. 

Therefore, the objective of this paper is to present the 

design of an IMC-1DOF controller applied to a ZVS 

Full-Bridge DC-DC converter that will be used in 

photovoltaic systems maximum power point tracking, 

with a view to developing a micro inverter integrated in 

the module (MIC) in connection with the single phase 

mains. It will be presented the mathematical modeling of 

this converter, for the control of its input voltage, aiming 

the application in MPPT, and the design of the respective 

controller IMC-1DOF 

Aiming to validate the control strategy a PI 

compensator will also be designed and computational 

simulation results will be shown in which the 

performance of both controllers are evaluated. The 

performance is evaluated in terms of transient and steady 

state response and against sudden variations in the 

reference voltage (produced by the P&O algorithm) and 

in the irradiance that feeds the photovoltaic array model. 

Figure 1 shows the system structure involving the 

MPPT (Disturb and Observe - P&O) and the IMC 

controller, both in conjunction with the ZVS Full-Bridge 

DC-DC converter. 
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Fig. 1. System structure involving MPPT, IMC controller and ZVS Full-Bridge DC-DC converter 

 

 

2. Aspects of ZVS Full-Bridge Converter for 

Input Voltage Control 

A. DC-DC Converter Modeling 

For the controller design, the modeling process of the 

ZVS Full-Bridge CC-DC converter was performed through 

medium state spaces. This modeling was first presented in 

[6], and was developed as a technique for obtaining a 

model of mean variables in the state space, resulting in a 

linear model valid for small perturbations by linearization 

around an operation point. 

For mathematical modeling, the ideal voltage source in 

series with a small resistance (r) (Figure 1) was replaced 

by the circuit of Figure 2 in which the output is 

represented by a load resistance (R) in parallel with the 

capacitor. of the voltage filter (C). 

This aims to obtain the linear model of the system for 

the worst case where, on the one hand, the DC bus would 

not behave as an ideal source due to voltage ripple caused 

by a future single-phase connection of this system into the 

grid and, on the other hand, issues involving a possible LC 

resonance. The idea is that from this mathematical model 

and the correct design of the compensators, gains that 

could lead the system to instability in the resonant 

frequency of the output LC circuit would be avoided. 

   However, for computer simulations the output was again 

represented by a load and a DC voltage source. The load is 

required to absorb the output power of the DC-DC 

converter and the source to represent the bus and allow: a) 

MPPT to occur over the entire length of the IxV curve of 

the photovoltaic array and, b) the voltage variation of input 

from modulation to PWM wave cycle active composition. 

In this way, for a single half-cycle of the AC signal at 

the transformer primary, two steps associated with the 

converter were considered. During Step 1, shown in Figure 

2 (a), switches Q2, Q3, D1 and D4 remain closed for a time 

dTSW and Q1, Q4, D2 and D3 open. In Step 2, Figure 2 (b), 

switches D2 and D4 remain freewheeled to the inductor 

current (L) for a time equivalent to (1-d) TSW. In addition, 

switches Q1 and Q3 or Q2 and Q4 also remain closed on 

(1-d) TSW by shorting the transformer primary terminals 

and thus creating the zero voltage level required by the 

ZVS method [5]. 

For this mathematical modeling, we chose to neglect 

the transformer inductances, taking into account only its 

transformation relationship (N1: N2). This choice was due 

to the fact that the inductance (L) is much larger than the 

transformer dispersion inductances and therefore 

dominates the dynamics of this 

converter.
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Fig. 2. DC-DC converter steps at both switching intervals. 

 

In addition, even the DC bus voltage being controlled 

by the DC-AC current injection into the grid (typical case 

in a MIC in connection with the grid), which would make 
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it simplified to consider the DC bus as a source with 

independent DC voltage, it was decided to consider the bus 

capacitor (C) in parallel with a load (R) and this, in turn, 

capable of absorbing all the energy generated in the 

photovoltaic arrangement. 

Thus, the converter can be described by linear state 

equations as: 

 

1 1( ) ( )x A x t B u t                                    (1) 

 

2 2( ) ( )x A x t B u t                                    (2) 
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The coupling matrices with the input for each operating 

step are given respectively by: 
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Considering that converter operates in continuous 

driving mode (MCC), the dynamic and input matrices can 

be represented by their average values:: 

 

1 2 (1 )medA A D A D     e  1 2 (1 )medB B D B D   .    (7) 

 

To perform the linearization, the steady state operating 

point must be obtained, where the derivatives of the state 

variables will become null. Thus, the average values of the 

state variables are: 
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thus in[18]: 

 

1 2 1 2[ ] [ ]d med eqB A A X B B V                     (9) 

 

applying the small signal model to the mean state space 

equation and simplifying it, and then applying the 

Laplace Transform to the equation, results in: 
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Therefore, the transfer functions of state variable 

perturbations in relation to perturbations in cyclic ratio D 

will result in: 
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Since you want to control the input voltage of the ZVS 

Full-Bridge converter in order to extract maximum power 

from the PV array, the transfer function can be written as: 
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in which: 
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B. Phase Shift PWM 

The switching is performed by the PWM technique via 

phase shift (Phase Shift PWM) in which two comparators 

are used (one for each branch of the Full-Bridge inverter) 

keeping the modulating signal fixed for both comparators 

and the carrier triangular waveform in one of the 

comparators. The active cycle or pulse width (D) is 

obtained by shifting the carrier phase (also triangular) of 

the second comparator in the other branch of the inverter. 

In this way zero voltage switching (ZVS) is obtained and 

the operation of the converter can be grouped into a 

single half-cycle of the AC signal on the transformer 

primary. 

The scheme used in the simulation for phase shift 

PWM modulation in the PSIM® software environment is 

shown in Figure 3. 

It is possible to see in Figure 3 the comparators with 

the same modulating signal, in this case zero volts at the 

non-inverting input so as to be fixed at the mean value of 

the triangular carriers that increase from -1 to 1V. The 

figure also shows the fixed phase triangular carrier and 

the switching frequency of the DC-DC converter at the 

inverter input of the upper comparator responsible for 

switching the left branch of the inverter (switches Q1 and 
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Q2). Thus, the arrangement for obtaining the triangular 

wave that arrives at the inverter input of the lower 

comparator and is responsible for switching the right 

branch of the inverter (switches Q2 and Q3). 
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Fig. 3. Phase shift PWM modulation structure  

 

3. ZVS Full-Bridge Converter Specifications 

The ZVS Full-Bridge converter is designed to track the 

maximum power of a photovoltaic array and raise the 

voltage to 350 VDC. The design of this DC-DC converter 

is described in [7]. However, the parameters used for the 

DC-DC converter are shown in Table I.  

 
Table I - ZVS Full-Bridge Parameters 

 

Parameters Name Value 

Input Capacitance Cpv 220µF 

Output Capacitance C 2200µF 

Filter Inductance L 4,0mH 

DC Bus Voltage VC 350V 

Cyclic reason D 30% 

Switching Frequency fS 60kHz 

Equivalent Voltage Veq 80V 

Equivalent Resistance Req 5Ω 

Average Input Voltage VPV 35V 

Inductor Average Current IL 1A 

Number of Primary Turns N1 1 

Number of Secondary Turns N2 5 

 

4.  PI Compensator Design 

The PI compensator was designed with the aid of the 

Sisotool® tool from Matlab® software. Tuning was done 

using the Ziegler-Nichols method for unit step response. 

The transfer function of this compensator is: 

( 1822)
( ) 0,013278PI

s
G s

s




                 (20) 

 

Figure 4 shows the Sisotool® tool screen. It is possible 

to see the bode diagrams for open loop gain, root 

geometry, system response to unit step (system already 

compensated) and compensator tuning screen. There was 

an overshoot of 42.5% with a very oscillatory response. In 

addition, the accommodation time of 0.0378s allows P&O 

to have a refresh rate (VREF) of up to 25 Hz. 

An exhaustive fine-tuning of this PI compensator has 

been made to obtain the least oscillatory response possible. 

The best result was obtained by applying a gain of 0.001 

to the compensator output defined in equation (20). 

 
Fig. 4. Sisotool® screen for PI Compensator Design  

 

5. Internal Model Compensator Design 
 

Figure 5 shows the generic form of an internal 

model-based control strategy with one degree of freedom 

- IMC 1DOF, where p(s) is the process,  is the 

process model, u(s) is the control effort. , d(s) is the 

perturbation and  is the estimated perturbation [8]. 

Since model  is a perfect representation of a 

stable process p(s), if the controller gain q(s,ε) is the 

inverse of the model gain, then the process output y(s) 

will eventually reach and maintain reference r(s) as long 

as the process gain and model gain have the same signal, 

and the controller is tuned to ensure stability. 

For a single input, single output (SISO) system the 

model is a linear transfer function and the controller is 

the approximate inverse of the transfer function of this 

model. 

The purpose of this strategy can be defined as: 

   y s sr    and     
( )

0
( )

y s
d s

                (21) 

since: 

    1p s q s        and     ( ) ( )p s p s .              (22) 

 

Therefore, for the control action to be effective in 

tracking the reference, a perfect model is required, and 

from equations (21), the controller must perfectly invert 

this model [8]. 
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Fig. 5. Control structure based on IMC 1 DOF. 

A. IMC-1 DOF Controller Design  

Using the criteria discussed in [8], for the design of 

these controllers, when the process transfer function has 

no zeros close to the imaginary axis nor in the right half 

plane of the s plane, the IMC 1DOF controller can be 

designed as: 
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where: N(s) is the numerator polynomial and D(s) is the 

transfer function denominator polynomial, already 

described in (12) and corresponding to the process p(s) = 

/
ˆ

pvv dG , and r is defined as the difference between the 

denominator order minus the numerator order of the 

transfer function. 

 

Expression (24) has the filter term that makes q(s) 

causal and therefore physically achievable, where ε is a 

parameter that defines the cutoff frequency of this filter. 
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For the IMC 1DOF controller design, the filter term ε 

defined in (24) can be calculated by (25) where the 

maximum gain allowed at high frequency is arbitrated at 

20 times the gain at low frequency [8]. 
1
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However, better results were obtained by keeping the 

value of ε at 0.00017.  

 

6. Simulations Results  
 

The P&O algorithm reads the instantaneous voltage and 

current values and then calculates the instantaneous power. 

Thus the algorithm compares the previous power with the 

current power and, after this comparison, updates VRef to 

track the maximum power. The algorithm disturbs the 

reference voltage allowing the controllers to act on VPV to 

modify the voltage at the panel terminals. 

For the simulations a 1V step of reference voltage 

disturbance was used. The panel association voltage and 

current sampling frequency was determined as a function 

of the time of the response of the controllers, thus having 

an update frequency fmppt = 100 Hz. 

 

A. Results for the PI compensator 

Figure 6 shows the result of the simulation of maximum 

power tracking when the panel model is subjected to 

different light and temperature patterns. The overlapping 

dashes indicate the power generated by the panels (in the 

subtitle, Panel) and the power (in the subtitle, Ppv) 

extracted from the panels and delivered to the load as a 

result of the P&O algorithm added to the action of the PI 

compensator in the internal variable control loop. VPV.] 

Figure 7 shows the reference voltage (VRef) being 

disturbed by P&O, the different levels (coincident with the 

maximum power points - MPPs) around which this voltage 

stabilizes (although it continues to be disturbed by P&O) 

and the voltage in VPV photovoltaic panel model terminals 

(in the legend Vpv), showing the action of the PI 

compensator designed for this purpose. 

Figure 8 illustrates the reference voltage (VRef) being 

disturbed by P&O and the voltage at the PVV 

photovoltaic panel model terminals (in the legend Vpv). 

It is noted that the action of the PI compensator maintains 

the response of this voltage with rapid stabilization 

around the reference and zero error under steady state, 

although with some overshoot level and underdamped 

oscillations. 

 
Fig. 6. P&O algorithm following maximum power of the  

photovoltaic panel model when influenced by different light 

and temperature profiles. 

 
Fig. 7. Reference voltage (VRef) being disturbed by P&O and the 

different voltage levels coinciding with the maximum power 

points. 

 
Fig. 8. Reference voltage (VRef), being disturbed by P&O, and 

the voltage at the terminals of the photovoltaic panel (VPV) 

model showing the action of the PI compensator. 

 

B. IMC Controller Results 

Figure 8 presents the result of the simulation of 

maximum power tracking when the panel model is 

subjected to different light and temperature profiles. The 

dashes indicate the power generated (in the subtitle, 

Panel) and the power (in the subtitle, Ppv) extracted from 

the panels. In this simulation the P&O algorithm 

generates the voltage reference (VRef) for the IMC 

controller in the internal control loop of the VPV variable. 

Figure 10 shows the reference voltage (VRef) being 

disturbed by P&O and the different levels, showing the 

action of the IMC controller designed for this purpose.. 
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Figure 11 also shows the reference voltage (VRef) being 

disturbed by P&O and the voltage at the terminals of the 

VPV photovoltaic panel model (in the legend Vpv). It can 

be seen that the action of the IMC controller maintains the 

response of this voltage with rapid stabilization around the 

reference, little overshoot and zero error when in steady 

state. 

 
Fig. 9. P&O algorithm following maximum power of the 

photovoltaic panel model when influenced by different light and 

temperature profiles. 

 
Fig. 10. Reference voltage (VRef) being disturbed by P&O and 

the different voltage levels coinciding with the maximum power 

points. 

 
Fig. 11. Reference voltage (VRef), being disturbed by P&O, and 

the voltage at the photovoltaic panel (VPV) model terminals 

showing the action of the IMC controller.. 

 

 

7. Conclusions 
 

The paper presented the mathematical modeling of the 

ZVS Full-Bridge converter when used in MPPT of 

photovoltaic systems. For this modeling, the transformer 

magnetization and dispersion inductances were not 

considered due to the low dynamic influence on the system 

when compared to the output filter inductance. For the 

transformer, only the turns ratio was considered. From the 

mathematical model, PI and IMC compensators were 

designed to control the input voltage of the ZVS Full-

Bridge DC-DC converter in the internal loop of the         

P & O-MPPT algorithm. 

The results showed that the PI compensator 

maintained the voltage response (Vpv) with fast 

stabilization around the reference and zero error when in 

steady state. However, it presented overshoot and 

undamped oscillations much higher than those presented 

by the action of the IMC controller. In addition, the PI 

compensator was a little more difficult to tune because it 

required a compromise relationship between speed of 

response and saturation in the control action. 

In this way, the IMC proved to be easier to tune, since 

it is necessary to adjust a single parameter (ε) related to 

the system cutoff frequency and its closed-loop response 

speed. 

Finally, the results showed that the action of the IMC 

controller maintained the voltage response (Vpv) with 

fast stabilization around the reference, little overshoot 

and zero error when in steady state which makes it viable 

in this kind of application.  
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