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Abstract — Grid-tie photovoltaic (PV) inverters are 

usually composed of two conversion stages: a dc-dc boost 
converter and a dc-ac converter. The dc-dc boost converter is 
mainly responsible for extracting the maximum power from 
the photovoltaic array. Several control strategies have been 
proposed in the literature for controlling the dc-dc boost 
converter. However, PV systems have characteristics that 
impact on transient and steady state response because its 
small signal model is irradiance-dependent and its dc bus has 
oscillations (120Hz) due to inverter modulation. Thus in 
order to contribute to this field and support control 
designers, this manuscript compares three control strategies 
applied to PV boost converters: a simple perturbation and 
observation (P&O) maximum power point tracking (MPPT) 
algorithm controlling directly the duty cycle; a MPPT 
algorithm associated with a voltage controller; and a MPPT 
algorithm with cascaded voltage and current control. 
Experimental results are presented for comparison. Results 
show the third strategy (MPPT with cascade control) 
provides the best results for most comparison criteria.  

Keywords— Photovoltaic power systems, boost converter, 
digital control, Maximum Power Point Tracking. 

I. INTRODUCTION 
Grid-tie photovoltaic (PV) inverters are usually 

composed of two power conversion stages in low power 
applications (up to 6 kW). The first stage is one or more dc-
dc converters that step-up the PV array voltage as well as 
track the Maximum Power Point (MPP). The second stage 
is a dc-ac converter designed to inject power into grid [1]. 
Fig. 1 shows a two-stage system for a single-phase inverter. 
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Fig. 1. Grid-tie PV system with boost converter. 

Due to its simplicity, the most employed converter 
topology in the first stage is the conventional dc-dc boost 
converter. However, for this application, there are several 
important requirements that have to be considered: 

i) high efficiency of Maximum Power Point Tracking 
(MPPT) of the PV system [2]–[4]; 

ii) operation in both continuous conduction mode (CCM) 
and discontinuous conduction mode (DCM) with fast 
transient response [5], [6];  
iii) when PV power extraction must be limited, such as due 
to operational restrictions defined by PV inverter 
standards, the converter control must change from MPPT 
mode to Limited Power Tracking (LPT) mode [7], 
performing a precise control of inductor current; 
iv) long life-time, which can be achieved by using film 
capacitors instead of electrolytic capacitor at the PV array 
output and dc-link (Cpv). 

Many MPPT techniques control directly the duty cycle 
of the boost converter [8]-[10], but cannot control the 
inductor current. Other MPPT techniques provide current 
or voltage reference to the control system of the boost 
converter [11]. The current reference is strongly dependent 
on the solar irradiance, while the voltage remains 
approximately constant when the irradiance changes [12]. 
For this reason, MPPT algorithms whose output is the PV 
voltage reference are usually more appropriate.  

In a cascade control system, the MPPT algorithm 
generates the PV voltage reference, a voltage control 
generates the inductor current reference, and an internal 
current loop generates the duty cycle of the converter [13]. 
With this control scheme, the steady-state requirements (i), 
(ii) and (iv) can be easily achieved. However, when low 
capacitance film capacitors are used, the small-signal 
equivalent resistance of the PV system directly affects the 
control dynamic response, which becomes dependent on 
the irradiance and the I-V curve operation point.  

The most usual solution to mitigate this problem is to 
employ a capacitor (Cpv) with a capacitance greater than 
the required. In this case, the poles of the current and 
voltage models are moved to lower frequencies, which 
allows simplifying both models to simple integrators. 
However, this alternative reduces the speed of dynamic 
response of the voltage loop. In addition, it may require 
electrolytic capacitors, which usually implies a reduction 
in system life and increase losses. This dependence is a 
problem when the converter must attend all requirements 
from (i) to (iv). 

Urtasun et al. [14] proposed an adaptive voltage 
controller to overcome these problems based on the 
estimation of the equivalent resistance of the photovoltaic 
system, measured at the inverter disturbance frequency 
(100/120 Hz). However, this strategy is dependent on the 
ripple generated by inverter, limiting its dynamic response 
speed. Additionally, no results were presented considering 



the converter in discontinuous conduction mode. Bianconi 
et al [15] presented a sliding-mode voltage controller, 
however the proposed technique requires an extra current 
sensor, which increases the cost of the application. 

This manuscript compares three different control 
strategies applied to the PV boost stage. The control 
strategies evaluated are i) Perturb and Observe (P&O) 
MPPT; ii) P&O MPPT with voltage control and iii) P&O 
with cascaded voltage and current control. The following 
aspects are evaluated: i) current settling time for an 
irradiation step; ii) disturbance rejection in the input 
capacitor; iii) average output power extracted. First, the PV 
array model and the controllers are described in Section II. 
Then, Section III covers the controllers design. 
Experimental results, comparison and discussion are shown 
in Section IV, followed by conclusion. 

II. SYSTEM DESCRIPTION 
A PV system with dc-dc boost converter and a single-

phase inverter can be represented by the equivalent circuit 
of Fig. 2 at any operation point. The Norton equivalent 
current source is proportional to the irradiance (G), while 
the equivalent resistance (rpv) is the derivative of the PV 
voltage by current at the I-V curve operation point.  
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Fig. 2. Equivalent model of two stage PV system. 

At the Maximum Power Point (MPP), the equivalent 
resistance rpv is dependent on the irradiance and 
temperature. Fig. 3 shows rpv at the MPP for a PV array 
composed by polycrystalline silicon modules. The 
parameters of the PV array are shown in Table I. One can 
observe that rpv at 50 W/m² is around 5 times higher than at 
1000 W/m². In addition, the resistance is more dependent 
on the temperature at low irradiances. 

TABLE I.  PARAMETERS OF PV ARRAY AT 1000 W/M² AND 25°C 

Parameter Value 
PV maximum power point voltage (Vmpp) 70.8 V 
PV open-circuit voltage (Voc) 87.6 V 
PV maximum power point current (Impp) 7.38 A 
PV short-circuit current (Isc) 7.65 A 

 

 

Fig. 3. PV equivalent resistance around MPP for different irradiance 
levels under different temperatures. 

A. Strategy 1 –MPPT controlling duty cycle 
The first control strategy evaluated is the Perturb and 

Observe (P&O) directly generating dc-dc converter duty 
cycle. This method of tracking the Maximum Power Point 
Tracking (MPPT) does not require a previous knowledge of 
the employed PV array. As shown in Fig. 4(a), this MPPT 
technique requires PV voltage and current measurement to 
calculate PV power. The duty cycle (ds) is changed with 
fixed steps at a constant frequency. The step signal (+ | –) is 
chosen as the one which increased power in the last sample 
period. This process leads the PV system towards the 
MPP [10]. 
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Fig. 4. Control diagram: (a) MPPT controllind duty cycle, (b) MPPT and 
voltage control and (c) MPPT and cascade voltage and current 
control. 

B. Strategy 2 – MPPT and voltage control  
The second control strategy evaluated includes a linear 

voltage controller which controls duty cycle (ds). As shown 
in the block diagram of Fig. 4(b), there is still an MPPT 
algorithm (P&O), which controls voltage reference (vpv

*) 
instead of ds. The transfer function that relates vpv and the 
complementary duty cycle ds1 = (1 – ds) is given by (1). 
This transfer function is used to design the controller, 
which generates ds1 and then duty cycle is calculated by 
ds = 1 – ds1. 
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C. Strategy 3 – MPPT and cascaded voltage and current 
control 
The third control strategy evaluated is composed by an 

P&O MPPT algorithm which generates PV voltage 
reference, and a cascade linear voltage and current control, 
where the voltage controller generates the reference to the 
inner current loop. This approach was proposed in [16] and 
[17] and allows a decoupling between the dc-ac converter 
disturbance and the vpv. Figure 4(c) presents the block 
diagram of this control strategy. A non-linear current 
controller has been chosen because a usual linear controller 
may interact with the voltage controller when the PV 
capacitance is too small [16]. Besides that, this non-linear 
controller does not interact with the voltage controller, and 
is robust to variation of the PV array equivalent 
resistance rpv. 

The transfer function that relates Vpv and the boost 
inductor current (IL) is given by (2). 
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The transfer function that relates the boost inductor 
current (IL) and the boost duty cycle (ds) is given by (3) 
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III. CONTROL DESING 
 Three control schemes have been implemented. The 
boost converter parameters are show in Table II.  

TABLE II.  BOOST CONVERTER PARAMETERS 

Parameter Value 
Input voltage (Vpv) 70.80 V 
Output voltage (Vo) 220.00 V 
Inductor current ripple (ΔIL) 30% Isc 
Boost inductor (L) 530 µH 
PV output capacitor (Cpv) 3.30 µF 
Switching frequency (fs) 40 kHz 
Duty cycle for MPP (Dmpp) 0.678 
 

A. Strategy 1 – MPPT controlling duty cycle 
The Perturb & Observe MPPT was designed as [18]. 

The defined sampling period for was 25 μs and the duty 
cycle step for perturbation was 0.005. 

B. Strategy 2 – MPPT and voltage control 
Table III shows the requirements used for designing the 

voltage control.  

TABLE III.  VOLTAGE CONTROL REQUIREMENTS 

Parameter Value 
Cut-off frequency  < 1 kHz 
Gain margin (GM) > 6 dB 
Phase margin (PM) > 60º 
Settling time < 10 ms 

Zero voltage overshoot 
High gain at 120 Hz 

Zero steady state error 
 
To achieve these specifications a Proportional Integral 

(PI) compensator was design using Matlab. The zero is 
placed at high frequency to optimize the dynamic response 
[19-20]. The designed controller transfer function is: 
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A cut-off frequency of 468 Hz, GM of 7 dB, PM of 
83.6º and 12 dB open-loop gain at 120 Hz were obtained. 
The settling time depends on the irradiance, resulting 
1.25 ms and 1.06 ms for 50 W/m² and 1000 W/m² 
respectively.  

C. Strategy 3 – MPPT and cascaded voltage and current 
control 
1) Current control 
The non-linear current control structure is presented in 

Fig. 5 [19]. The transfer function Ci consists of a 
conventional linear controller and provides the inductor 
voltage reference (vL

*). The voltage reference vL
* is related 

through the Kirchhoff’s voltage law using switch voltage 
(vs) and PV array voltage (vpv). This scheme allows the 
controller to attenuate 120 Hz disturbances.  

Eq. (5) and Eq. (6) provide the control action that 
allows the operation in the Continuous Condition Mode 
(CCM) and Discontinuous Condition Mode (DCM), 
respectively. The subsequent block selects the duty cycle to 
be applied to the boost converter. 
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Fig. 5. Block diagram of proposed non-linear current control. 
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The transfer function that relates the inductor boost 
current (IL) and its average voltage is given by: 
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The linear controller which calculates vL
* was designed 

considering the specification given in Table IV. 



TABLE IV.  CURRENT CONTROL REQUIREMENTS 

Parameter Value 
Cut-off frequency  2.5 kHz < fGi < 4 kHz 
Gain margin (GM) > 6 dB 
Phase margin (PM) > 50º 
Settling time < 1 ms 

Current over shoot < 20% 
High gain at 120 Hz 

Zero steady state error 
 

A lead-lag resonant controller was designed: 
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It was achieved a cut-off frequency of 2.63 kHz, GM of 
10 dB, PM of 50.5º and 150 dB gain at 120 Hz. The settling 
time was 0.4 ms with overshoot lower than 20%. 

2) Voltage control 
Table V shows the requirements considered to design 

the linear voltage control. It is important to highlight that 
the transfer function Gv depends on rpv. Thus, the controller 
was designed for the lower irradiance case of 50W/m² due 
to its higher cut-off frequency. 

TABLE V.  VOLTAGE CONTROL REQUIREMENTS 

Parameter Value 
Cut-off frequency  < 0.1  fGi 
Gain margin (GM) > 6 dB 
Phase margin (PM) > 60º 
Settling time < 1 s 

Zero Voltage over shoot 
Zero steady state error 

 

To meet these requirements, the following PI controller 
was designed: 
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Considering 50 W/m² irradiance, it was achieved a cut-
off frequency of 203 Hz, GM of 11 dB, PM of 92º, and a 
settling time of 2.85 ms. For 1000 W/m², the cut-off 
frequency was 44 Hz, GM of 20 dB, PM of 91.7º and a 
settling time response of 14.82 ms. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental results have been obtained to compare the 

control schemes. Three comparison criteria have been 
chosen for comparison: settling time, 120 Hz disturbance 
rejection, and maximum power extracted. All comparisons 
have been carried out for the same test conditions. 

The experimental setup is shown in Fig. 6. The 
controllers were implemented using the DSP 
TMS320F28335 (Texas Instruments). The dc-ac bus was 
emulated with an ac power source configured with a dc 
offset of 220 V added to a 120 Hz oscillation with 5 V 
amplitude.  

 

 

Fig. 6. Experimental setup. 

1) Settling time 
Two tests were performed considering abrupt irradiance 

variations. Fig. 7 (a), (b) and (c) show the response for a 
step from 0 W/m² to 50 W/m², which is when the boost 
converter is operating under DCM. The first strategy was 
not able to find the MPP in this case. The settling time for 
strategies 2 and 3 were about 8 ms. Fig. 8 (a), (b) and (c) 
show a step from 0 W/m² to 1000 W/m². All strategies 
could track the MPP, and the settling time for strategies 1, 2 
and 3 are 1.47 ms, 1.48 ms and 23.73 ms, respectively. The 
higher settling time of strategy 3 is due to the decrease of 
the plant’s gain when the irradiance increases. 

2) Disturbance rejection 
This test was performed at standard test conditions 

(1000 W/m²). Fig. 9 (a), (b) and (c) present the voltage 
disturbance for strategies 1, 2 and 3. Strategy 1 was not 
able to reject any disturbance and presents the worst 
performance. Strategy 2 attenuates 120 Hz oscillation. 
Finally, strategy 3 has the best performance, rejecting all 
120 Hz oscillations due to its resonant controller. 

3) Maximum power extracted 
This test was performed at standard test conditions 

(1000 W/m²). Fig. 10 (a), (b) and (c) show the extracted 
power for strategies 1, 2 and 3. The extracted powers were 
521.13 W, 540.02 W and 542.43 W, respectively. It is 
important to highlight that, as the irradiance reduces, and 
the boost enters in DCM, the MPPT from strategy 1 loses 
performance, as demonstrated in Fig. 7(a). Comparing 
strategies 2 and 3, strategy 3 extracts an extra 2.32 W due 
to 120 Hz rejection. 

Table VI summarizes the comparative analysis 
presented in this manuscript. Strategy 1 had the worst 
results for all criteria’s. Strategy 2 has lower settling time 
lower comparing to strategy 3 at high irradiance, but does 
completely not rejects 120 Hz oscillations, reducing the 
maximum extracted power. Finally, only the strategy 3 can 
limit the extracted power by controlling the inner current 
loop reference. Therefore, it can be seen that strategy 3 
(MPPT and cascaded voltage and current control) is the 
best strategy for most applications, effectively reducing 120 
Hz oscillations and enabling power limitation.  
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Fig. 7.  Irradiance step from 0 to 50 W/m²: (a) MPPT controlling duty cycle; (b) MPPT and voltage control; (c) MPPT and cascade V and I control. 
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Fig. 8.  Irradiance step from 0 to 1000 W/m²: (a) MPPT controlling duty cycle; (b) MPPT and voltage control; (c) MPPT and cascade V and I control. 
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Fig. 9.  Disturbance rejection: (a) MPPT controlling duty cycle; (b) MPPT and voltage control; (c) MPPT and cascade V and I control. 
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Fig. 10.  Maximum power extracted: (a) MPPT controlling duty cycle; (b) MPPT and voltage control; (c) MPPT and cascade V and I control. 

TABLE VI.         STRATEGIES COMPARISON 

Parameter Strategy 1 
MPPT  

Strategy 2 
MPPT & voltage control 

Strategy 3 
MPPT & cascade control 

Dynamic response        -           (50 W/m²) 
1.479 ms (1000 W/m²) 

8.478 ms     (50 W/m²) 
1.484 ms (1000 W/m²) 

8.857 ms      (50 W/m²) 
23.73 ms (1000 W/m²) 

Disturbance rejection none poor good 
Power extracted 521.13 W 540.02 W 542.43 W 
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V. CONCLUSION 
This manuscript presented a comparison of three 

different control strategies applied to the dc-dc stage of 
grid-tie PV inverter. The first strategy was a P&O MPPT, 
the second strategy was a P&O MPPT with a linear 
voltage control. The last strategy was a P&O MPPT with a 
cascade linear voltage and non-linear current control. The 
adopted comparison criteria were settling time, 120 Hz 
disturbance rejection and maximum power extracted. 
Experimental results showed the first strategy had the 
worst performance for all three criteria. The second 
strategy had a good dynamic response and power 
extraction but could not effectively reject 120 Hz 
disturbances. Finally, the third strategy had the best overall 
performance and, in addition, this strategy could operate 
out of the MPP, which is a standard requirement for grid-
tie inverters.  
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