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Abstract— In the case of photovoltaic (PV) systems, an 
adequate PV voltage regulation is fundamental in order to both 
maximize and limit the power. For this purpose, a large input 
capacitor has traditionally been used. However, when reducing 
that capacitor size, the nonlinearities of the PV array make the 
performance of the voltage regulation become highly dependent 
on the operating point. This paper analyzes the nonlinear 
characteristics of the PV generator and clearly states their effect 
on the control of the DC/DC boost stage of commercial converters 
by means of a linearization around the operating point. Then, it 
proposes an adaptive control, which enables the use of a small 
input capacitor preserving at the same time the performance of 
the original system with a large capacitor. Experimental results 
are carried out for a commercial converter with a 40 μF input 
capacitor, and a 4 kW PV array. The results corroborate the 
theoretical analysis; they evidence the problems of the traditional 
control, and they validate the proposed control with such a small 
capacitor. 
 

Index Terms—Adaptive control, photovoltaic converters, 
photovoltaic power systems, small-signal modeling, voltage 
control. 

I.  INTRODUCTION 
HOTOVOLTAIC systems are undergoing continuous 
expansion and development, both in grid-connected and 

isolated applications [1]. When connected to the grid, the PV 
array generally operates under Maximum Power Point 
Tracking (MPPT). However, the current trends toward 
distributed power generation systems based on renewable 
energy are leading to the introduction of microgrids [2], [3]. In 
such systems, it might be necessary to reduce the photovoltaic 
power in order to contribute to grid stability. A technique 
being able to function below the MPP by tracking a reference 
power must then be used [4]. We will refer to this technique as 
Limited Power Point Tracking (LPPT). In the same way, in an 
isolated system, the PV array usually operates under MPPT. 
Yet, it needs to limit the power and switches to LPPT when the 
storage element is full and the demand is low [5]. 

There are many MPPT algorithms in the literature [6], [7]. 
The most commonly used are perturbation and observation 
(P&O) [2], [8], hill-climbing [3], [9], fractional open-circuit 
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voltage [10], and incremental conductance [11], [12]. Some of 
these algorithms have already been modified making it 
possible to operate both in MPPT and LPPT [5], [13]. 

The output reference of these algorithms can be the PV 
voltage [13]-[17], the PV current [18], [19], or just the duty 
cycle of the DC/DC converter [5]. However, excluding low 
power applications, it is well-known that the best option is to 
control the PV voltage since it changes slowly and it is more 
stable. Controlling the PV current can result in a voltage drop 
during the transients and controlling the duty cycle leads to an 
inappropriate control of PV voltage and current as well as to 
more losses and stresses in the converter [14]-[16], [20], [21]. 

The value of the PV voltage reference is continuously 
updated by the MPP or LPP tracker. Whilst in MPPT 
operation the PV voltage is very close to the MPP voltage, in 
LPPT operation the PV voltage varies from the MPP to the 
open circuit voltage [13]. Thus, a fast and stable regulation in 
the entire operating range is required for a proper tracking 
[15], [16]. However, the nonlinear nature of the photovoltaic 
array can cause the performance of the regulation to change 
with the operating point. Depending on the conversion 
structure, the control strategy and the input capacitor size, this 
nonlinear characteristic can lead to great variations in the 
dynamics and can even put the stability at risk [15], [16], [22], 
[23]. 

The variability in the PV voltage control process is caused 
by the dynamic resistance, which is obtained from the slope of 
its I-V curve [24], [25]. This parameter depends on the 
characteristics of the PV array, and is highly variable with the 
irradiation, the temperature and especially with the PV 
voltage. As a result, the voltage regulation performance can be 
diminished when operating under MPPT because of the 
irradiation and temperature change, and it can become even 
worse when operating under LPPT since the PV voltage also 
changes. 

The influence of the dynamic resistance on the PV voltage 
control for a buck converter has been quite studied. In [16], 
the authors analyze the single and cascaded feedback loops. In 
both cases, a proper control is guaranteed in the whole 
operation range thanks to high cutoff frequencies and a big 
input capacitor. An in-depth analysis of the cascaded control 
technique is developed in [26] and [27]. It is shown that the 
system can become unstable if a correct regulation and 
capacitor sizing are not carried out [23], [26], [27]. 

The effect of the dynamic resistance on the control of a 
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boost converter has been less analyzed in the literature. In 
[15], the authors regulate the PV voltage by means of the duty 
cycle, i.e. without inner current loop. These control schemes 
are usually applied to small PV generators (e.g. 50 W in [15]). 
In these systems, the influence of the dynamic resistance 
results in a very variable damping factor of the duty cycle to 
voltage transfer function. However, the undamped natural 
frequency hardly changes and the system can be easily 
controlled with a second order controller with no appreciable 
changes in the regulation performance [15], [28]. 

Other controls for low-power boost converters use a 
cascaded control. In [29], the authors employ a sliding mode 
control and a capacitor current sensor in order to both 
eliminate the dynamic resistance influence and achieve a very 
fast voltage response, making it possible to reject abrupt 
irradiance variations. Nevertheless, this strategy requires an 
additional current sensor in order to measure the input 
capacitor current. 

For higher power boost converters (typically over 1 kW), 
the PV voltage is usually controlled by means of an inner 
inductor current loop. The cascaded control avoids current 
transients and reduces failure rates. In these systems, the 
influence of the dynamic resistance has not been traditionally 
taken into account. The current to voltage transfer function has 
been considered as 1/Cs, where the PV array is taken as a 
current source [17], [30]. Initially, the dynamic resistance 
effect was hidden by the use of large input capacitors. In 
recent years, these large electrolytic capacitors are being 
replaced by smaller polypropylene ones, which are much 
cheaper and more reliable [31], [32]. However, this capacitor 
reduction makes the dynamic resistance not negligible 
anymore. This renders necessary the analysis of the dynamic 
resistance effect and the design of new control techniques 
capable of compensating this effect. 

This paper analyzes first, the influence of the dynamic 
resistance for the DC/DC boost stage of a typical single-phase 
PV converter. It is shown how the dynamic resistance 
diminishes the performance of the PV voltage regulation. The 
paper then proposes an adaptive control in order to obtain a 
PV voltage regulation with a cutoff frequency and a phase 
margin that remain almost constant for the whole operating 
range, in a system with a small input capacitor. The dynamic 
resistance is estimated from measured variables of the 
converter, namely the PV voltage and inductor current, and the 
controller is continuously adapted making use of that 
estimation. 

II.  SYSTEM MODELING 
The analyzed system is shown in Fig. 1. It consists of a PV 

array, an input capacitor (C), a boost converter, a bus capacitor 
(Cbus) and a single-phase inverter. There are two cascaded 
regulations, one for the inverter and another for the boost 
converter. The inverter controls the grid current with the 
desired power factor and maintains a constant bus voltage. 
This paper only deals with the cascaded regulation of the boost 
converter, which consists of an outer PV voltage loop and an 

inner inductor current loop. 
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Fig. 1.  PV single-phase conversion system 
 

A.  Inductor current control 
Since it might be necessary to operate in LPPT with low 

inductor current, the control must be able to handle both the 
Continuous Conduction Mode (CCM) and the Discontinuous 
Conduction Mode (DCM). For this purpose, the current 
control is based on the technique proposed in [30] and [33], 
valid for both conduction modes. As it is shown below, using 
that strategy, the input impedance has no influence on the 
current control. 

From Fig. 1, considering average values for all variables in 
a commutation period, the CCM and Kirchhoff’s voltage law: 

dt
diLvdv L

buspv ⋅=⋅−− )1(               (1) 

where d is the duty cycle. 
Dividing (1) by vbus and reorganizing the equation, one 

finds: 

bus

L
ccm

bus

pv

vdt
diLdd

v
v

d 11 ⋅⋅=−=







−−           (2) 

where dccm is defined as: 

bus

pv
ccm v

v
d −= 1                    (3) 

As it can be observed in (2) and (3), the influence of the PV 
array on the process is included in dccm. The value of dccm can 
be estimated from the voltages vpv and vbus, which are 
measured variables. The obtained value, dccm,ff, can be used as 
feedforward compensation. 

Making use of (2), (3) and this feedforward compensation, 
the loop for the inductor current regulation in CCM is shown 
in Fig. 2, where Ci represents the controller, Si the current 
digital sampler and Hi the inductor current sensing. In these 
schemes, a bus voltage compensation has also been added by 
means of the bus voltage measurement, vbus,f. 

 
Fig. 2.  Inductor current control loop for CCM 

 
Being Tsi the current sample time, the digital sampler Si can 

be approximated as [34]: 
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The inductor current sensing transfer function Hi can be 
expressed as: 

1
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where τi is the time constant of the inductor current sensing 
and Ki is the scaling constant of the inductor current sensing, 
which will be taken as 1 in order to simplify the analysis. 

Because of the sampler and the retard in the measurements 
of vpv and vbus, the forwarded duty cycle dccm,ff does not 
eliminate the effect of the PV generator for high frequencies. 
However, it is removed below the sample and sensing 
frequencies, and thus around the current control cutoff 
frequency. The process seen by the regulator can therefore be 
considered as 1/Ls for the controller design. A simple PI 
controller can then be used, obtaining a regulation independent 
of the dynamic resistance. 

For the DCM, a similar analysis is carried out in [33], 
obtaining the same schemes of Fig. 2 but with a different 
equation for the duty cycle ddcm and for its estimation ddcm,ff. In 
this case, only known variables of the system are also required 
for the estimation. 

Since the boost converter can function in both conduction 
modes, the strategy constantly estimates both duty cycles dccm 
and ddcm. The authors prove that when operating in CCM, 
dccm < ddcm whereas in DCM, ddcm < dccm. In other words, the 
lowest duty cycle correspond to the actual mode of 
conduction. As a result, the technique for both conduction 
modes uses the same schemes of Fig. 2 but choosing the 
minimum between dccm,ff and ddcm,ff as feedforward 
compensation [33]. 

B.  Traditional Modeling of the PV Voltage Control Loop 
From Fig. 1 and Kirchhoff’s current law: 

Lcpv iii +=                      (6) 

By replacing the capacitor current in (6): 

L
pv

pv i
dt

dv
Ci +⋅=                   (7) 

From (7) and by applying the Laplace transformation, the 
following current to voltage transfer function is obtained: 
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Making use of (8), the loop for the PV voltage vpv 
regulation is shown in Fig. 3, where Cv represents the 
controller, Sv the voltage digital sampler, Hv the PV voltage 
sensing, Gicl the current closed-loop, g the irradiance, and T 
the array temperature. 

As it can be observed in the figure, the influence of the PV 
array on the process is now caused by the PV current ipv. As in 
the case of the current control by means of the duty cycle 
(which depends on the PV voltage vpv), a straightforward 

solution to remove the effect of the dynamic resistance would 
be to compensate the PV current ipv. However, this current is 
not usually measured by the converter and an additional sensor 
would be required. For this reason, the feedforward 
compensation of ipv is not considered in this paper for the PV 
voltage control. 

 
Fig. 3.  Traditional PV voltage control loop 

 
Being Tsv the voltage sample time, the digital sampler Sv 

can be approximated as [34]: 

15.1
1)(

+⋅⋅
=

sT
sS

sv
v                 (9) 

The PV voltage sensing transfer function Hv can be 
expressed as: 

1
)(

+⋅
=

s
KsH

v

v
v τ

                (10) 

where τv is the time constant of the PV voltage sensing and Kv 
is the scaling constant of the PV voltage sensing, which will be 
taken as 1 in order to simplify the analysis.  

If the inner current and outer voltage loops are totally 
decoupled, the inner closed-loop could be modeled as 1 [17]. 
Although the loops are decoupled in this paper, the inner 
closed-loop will be modeled as a first order for more precision. 
Being ωic the angular cutoff frequency of the current control, 
the transfer function of the inductor current closed-loop is: 

1/
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Traditionally, the PV current ipv has been considered as a 
disturbance and therefore independent of the variables that 
take part in the control. Although the current variation caused 
by the irradiation and the temperature is decoupled from the 
regulation, this is not the case for the current variation induced 
by the PV voltage, which cannot be considered as a 
disturbance and must be taken into account in the transfer 
function. For this purpose, the PV array will be modeled in 
section C and next, in section D, its effect will be added to the 
transfer function. 

C.  PV Array Modeling 
The curve I-V of a PV array can be expressed as [16]: 

p
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where Iph and I0 are the photogenerated and saturation current 
of the array, Rs is the equivalent series resistance, Rp is the 
equivalent shunt resistance, and Vt is the thermal voltage, 

PROCESS 

VOLTAGE 
CONTROL ipv(vpv, g, T) 

 iL   i*
L  ic vpv 

vpv,f 

v*
pv 

Cv 
1 

Cs 

Hv 

Sv Gicl 



 4 

which is defined as: 

q
TkmNV st

⋅
⋅⋅=                 (13) 

where Ns is the cells connected in series, m is the ideality 
factor of the diode, k is the Boltzmann constant, T is the 
generator temperature, and q is the electron charge. 

To obtain a linear equation for the PV current ipv as a 
function of the PV voltage vpv and the irradiation g, some 
parameters are defined. The variation of the current with the 
temperature is not considered since it changes very slowly, 
being easily compensated by the regulator. The dynamic 
resistance of the array Rpv, which represents the voltage 
influence, is calculated using (12) as: 
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where Rd is defined as: 
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Similarly, the PV current coefficient of variation with the 
irradiation, referred to as Kg, is worked out using (12) as: 
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Thus, the linear model for the operating point with a PV 
current I’0, PV voltage V0, irradiation G0 and generator 
temperature T0 is: 
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where Rpv and Kg are evaluated for (V0, G0, T0). 
Reordering (17), one finds: 

pv

pv
geqpv R

v
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where Ieq is the equivalent current comprising the constant 
terms, expressed as follows: 

pv
geq R

VGKII 0
0

'
0 +⋅−=               (19) 

The nonlinear I-V curve of the array and its linearization 
around the MPP are shown in Fig. 4. The curve reproduces 
(12) for the PV array of Table II (presented below) and given 
G0=1000 W/m2 and T0=25ºC. The linearization around the 
MPP is based on (18). 

The linear model can also be represented by an electrical 
circuit. The equivalent circuit, valid at the linearization point, 
is illustrated in Fig. 5. 

By means of (14) and (16), both parameters Rpv and Kg 
depend on the PV array (features of the panel and number of 
panels connected in series and in parallel) and on the operating 
point. For a certain PV array, they are variable with the 
irradiation, the temperature and especially with the PV 
voltage. From (14) and (15), it can be observed that the 

dynamic resistance increases as the voltage decreases. Thus, it 
will be maximum for short-circuit: 

psppvpv RRRTgvR ≈+== ),,0(           (20) 

 
Fig. 4.  Nonlinear I-V curve and linearization at point (V0,G0,T0,I’0) 

 

 
Fig. 5.  Equivalent circuit at the linearization point 

 
Likewise, it will be at a minimum for the open-circuit 

voltage. In that point, Rp can be neglected and therefore: 
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Imposing the open-circuit condition in (12), Iph can be 
approximated as: 
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From (21) and (22) the dynamic resistance for Voc is finally 
worked out as: 

s
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I
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The dynamic resistance is shown in Fig. 6 and Fig. 7 for the 
PV array of Table II (presented below) and different 
irradiances and array temperatures, respectively. In both 
figures, Rpv is represented as a function of the normalized 
voltage vnorm, which is defined as: 

mppoc

mpppv
norm VV

Vv
v
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where Vmpp is the voltage at maximum power. 
This normalized voltage is 1 for vpv=Voc, 0 for vpv=Vmpp, 

and negative for vpv<Vmpp. Since the PV voltage is near to Vmpp 
when operating under MPPT and higher than Vmpp when 
operating under LPPT, the dynamic resistance is represented 
for vnorm>-0.4. It can be observed in Fig. 6 and Fig. 7 that Rpv 
decreases for high irradiances, high temperatures and high 
voltages. 

vpv 
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Fig. 6.  Dynamic resistance versus normalized voltage for different 

irradiances at T=25ºC 
 

 
Fig. 7. Dynamic resistance versus normalized voltage for different 

temperatures and g=1000 W/m2 
 

D.  Small-Signal Modeling of the PV Voltage Control Loop 
The variables vpv, g and iL can be divided into their steady-

state values (capitalized) and their small-signal values (marked 
with a hat): 
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By means of the linear model of the PV array expressed by 
(18), and (7), one finds: 
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The linear model is only valid when it is very close to the 
operating point, that is for the small-signal analysis. 
Introducing the definitions of (25) in (26): 
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From (27) and by applying the Laplace transformation, the 
following current to voltage transfer function is obtained: 
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(28) 
Using this transfer function, the loop for the PV voltage 

regulation becomes the one shown in Fig. 8. The obtained 
transfer function accounts for the PV current variation caused 
by the PV voltage. As a result, it models the behavior of the 
system more accurately than the traditional approach. In any 

case, the dynamic resistance is negligible and both transfer 
functions (8) and (28) are equivalent when Rpv·C·ωvc>>1, 
where ωvc is the angular cutoff frequency of the voltage 
control. Thus, the traditional model is only valid when 
operating near to the short-circuit or with capacitances or 
voltage cutoff frequencies high enough. However, when the 
capacitor is reduced and taking into account that in real 
applications the cutoff frequency will be limited by the 
microprocessor and the inner current loop, the effect of the 
large variation range of Rpv cannot be neglected. 

 
Fig. 8.  PV voltage control loop 

III.  TRADITIONAL CONTROL 
In this section, the variation of the regulation performance 

is studied for the boost stage of a typical PV converter, whose 
features are shown in Table I. The specifications of the PV 
array used for the analysis are shown in Table II. 

The current control is carried out by means of the model 
developed in section II.A for a 450 Hz cutoff frequency and a 
45º phase margin. For the PV voltage regulation, a PI 
controller is used in the converter, as it is commonly carried 
out. Its parameters are calculated by means of the traditional 
modeling, depicted in Fig. 3, for a cutoff frequency fvc=50 Hz 
and a phase margin PMv=40º. The behavior of the system is 
now examined considering the effect of the dynamic 
resistance, using the modeling shown in Fig. 8. As it will be 
shown below, the dynamic resistance variation will make that 
the actual cutoff frequency (fc) and the actual phase margin 
(PM) differ from their design values (fvc and PMv). 

The Bode plots of the compensated system are represented 
in Fig. 9 for three characteristic operating points: 

- vpv=0: In short-circuit, Rpv reaches its maximum value, 
which is Rpv = Rp = 736 Ω for the analyzed PV array (see 
(20)). Since Rpv·C·ωvc>>1, the influence of Rpv is negligible 
and the actual cutoff frequency and phase margin are close 
to the design ones: fc=fvc=50 Hz and PM=46º≈PMv. 

- vpv=Vmpp: In the MPP and for the nominal operating 
conditions (g=800 W/m2, T=50ºC), Rpv is equal to 13.18 Ω. 
In this case, the effect of the dynamic resistance is very 
significant and the regulation becomes much slower and 
more damped, with fc=5 Hz and PM>90º. 

- vpv=Voc: In open-circuit, Rpv reaches its minimum value, 
which is Rpv = 1.16 Ω (see (23)) for the maximum 
irradiance (g=1100 W/m2) and temperature (T=75ºC). The 
effect of Rpv is enormous, slowing down the control to an 
actual cutoff frequency fc=0.4 Hz and with PM>90º. 
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TABLE I 
FEATURES OF THE DC/DC BOOST STAGE OF A COMMERCIAL PV CONVERTER 

Nominal power 5000 W 
Input capacitor C 40 μF 
Boost inductor L 750 μH 

Commutation frequency fc 16 kHz 
PV voltage sample time Tsv 250 μs 

Inductor current sample time Tsi 125 μs 
Time constant of the PV voltage sensing τv 74 μs 

Time constant of the inductor current sensing τi 74 μs 
Angular cutoff frequency of the current control ωic 2π·450 rad/s 

Bus voltage Vbus 350 V 
 

TABLE II 
SPECIFICATIONS OF THE PV ARRAY, 

FORMED BY 4 STRINGS OF 12 BP585 MODULES 
Nominal power 4080 W 

MPP voltage Vmpp 216 V 
MPP current Impp 18.9 A 

Open-circuit voltage Voc 264 V 
Short-circuit current Isc 20 A 

Equivalent series resistance Rs 0.848 Ω 
Equivalent shunt resistance Rp 736 Ω 

Cells connected in series in a module Ns 36 
Ideality factor m 1 

 

 
Fig. 9.  Bode plots of the compensated system Cv·Sv·Gicl·Gv·Hv (C=40μF) 

 
The effect of the capacitor size on the performance 

variation for the previously analyzed system is now examined 
in Fig. 10. This figure represents the actual cutoff frequency 
and phase margin of the voltage control as a function of Rpv for 
three different capacitances (40 μF, 400 μF and 4000 μF). In 
the three cases, the design cutoff frequency and phase margin 
are maintained to fvc=50 Hz and PMv=40º. The three 
characteristic operating points are marked with lines. The 
short-circuit (SC) is the only point where the actual cutoff 
frequency is equal to the design cutoff frequency (50 Hz) for 
the three capacitors. However, the system normally operates 
between the MPP and the open-circuit (OC). In that range, the 
performance variation highly depends on the capacitor size. In 
particular, for C=40 μF and the considered PV array, the 
cutoff frequency decreases from 5 Hz at MPP to 0.4 Hz at 
open-circuit; for C=400 μF, the influence is lower, with the 
dynamics changing from 43.6 Hz at MPP to 4.4 Hz at open-
circuit; and for C=4000 μF, the effect of Rpv is now almost 

negligible, with a variation from 50 Hz to 41.7 Hz. This is the 
reason why, when using large electrolytic capacitors, it is not 
necessary to account for dynamic resistance influence on the 
system modeling. Regarding the stability of the control, the 
variation range is less critical, since the actual phase margin is 
always higher than the design one. 

 

 
Fig. 10.  Actual cutoff frequency and phase margin of the PV voltage 

regulation for three different capacitances C (40μF, 400μF and 4000μF) and 
with fvc=50 Hz and PMv=40º 

 
The theoretical analysis carried out in this section has been 

verified by simulation. An accurate model of the PV array and 
the PV converter was developed using the software PSIM. In 
Fig. 11, the voltage response is represented for an irradiance of 
1000 W/m2, a temperature of 25ºC and using a 40 μF 
capacitor. It consists of downward steps of the PV voltage 
reference (Vpv_ref) from 260 V, close to the open-circuit 
voltage (Voc=264 V), to 210 V, below the MPP voltage 
(Vmpp=216 V). The figure includes the theoretical values of Rpv 
and fc for each reference voltage level. This dynamic resistance 
has been worked out by means of (14). From the obtained Rpv, 
the actual cutoff frequency has been obtained from Fig. 10. In 
the figure, the real value of the dynamic resistance is also 
represented. Considering the design cutoff frequency fcv=50 Hz 
and the traditional model of Fig. 3, the rise time of the voltage 
response should be constant and close to 9.5 ms (using 3/ωvc). 
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However, as predicted, the rise time is much higher and 
strongly dependent on voltage level. For example, during the 
voltage transient from 260 to 250 V, the rise time obtained by 
simulation is 730 ms. This value indeed agrees with the 
prediction of the model, that is 853 ms (fc=0.56 Hz) for 
vpv=260 V and 672 ms (fc=0.71 Hz) for vpv=250 V. Likewise, it 
can be verified that there is not overshoot, which means that 
the phase margin is very high. This also makes sense since the 
theoretical analysis shown in Fig. 10 predicted a phase margin 
higher than 90º. 

 
Fig. 11.  Simulation of the PV voltage regulation with the traditional control 

(C=40μF) and with fvc=50 Hz and PMv=40º 
 

It has been shown that, using small capacitors, the 
regulation becomes very slow for some operating points, 
which can lead to important problems such as poor behavior of 
the MPPT/LPPT, resonance phenomena or no rejection of 
irradiation variations. As a consequence, it is not 
recommendable to continue with a PI controller. A higher-
order controller has also been considered, but the results did 
not improve. 

IV.  PROPOSED CONTROL 
To solve the problems of the dynamic resistance variation, 

an adaptive control is proposed in this paper. For each voltage 
sample time (Tsv), the control estimates the dynamic resistance 
and uses this value in order to adapt one parameter of the 
controller according to the dynamic resistance variation. In this 
way, the nonlinear system variability is compensated. 

A.  Dynamic Resistance Estimation 
If a short period is considered, the linear model of the PV 

array is applicable (18). It can be seen that the ipv variation is 
caused by both vpv and g variations. The irradiance variation is 
unknown but can have an important effect on the current 
during a cloud passage. This fact hinders the estimation of the 
dynamic resistance, which represents the current variation 
caused by the voltage variation. For this reason, an intrinsic 
feature of single-phase inverters, particularly its 100 Hz ripple, 
is used. In real systems, the irradiance component around the 
100 Hz is negligible. As a result, the evolution of the 100 Hz 
ripple of ipv is exclusively provoked by the 100 Hz ripple of 
vpv. From (18), one obtains: 

pv

pv

pv

pv
gpv R

v
R

v
gKi 100100

100100 −≈−⋅=           (29) 

where ipv100, g100 and vpv100 are, respectively, the PV current, 
irradiance and PV voltage obtained after applying a type I 
Chebyshev 100 Hz band-pass filter (100 Hz BPF) to the 
original signal. 

Now, an estimation of the dynamic resistance, Rpv,est, can 
be easily found by dividing the rms value of vpv100 (Vpv100) by 
the rms value of ipv100 (Ipv100): 

100

100
,

pv

pv
estpv I

V
R =                   (30) 

Generally, the measured current is iL instead of ipv. 
However, ipv100 can be worked out by means of the 100 Hz 
ripple of iL (iL100) and vpv100 as follows: 

sv

pvpv
Lpv T

kvkv
Cii

)1()( 100100
100100

−−
⋅+=         (31) 

B.  Controller design 
The proposed controller is a second order one with two 

constant parameters Kp and Tn and one variable parameter Tm: 

sT
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sTKsC

m

m

n

n
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+⋅
⋅

⋅
+⋅

⋅=
11)(            (32) 

Multiplying the transfer function of the controller by the 
current to voltage transfer function Gv (see (28)), one finds: 

1
111)()(

+⋅⋅
⋅+⋅

⋅⋅
+⋅

=⋅
sRC

RC
T
sT

sCsT
sTKsGsC

pv

pv

m
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  (33) 

From (33), it is observed that, once the dynamic resistance 
is known, the variability of the system can be eliminated by 
means of the controller parameter Tm by doing: 

estpvm RCT ,⋅=                   (34) 

Furthermore, the product Cv(s)·Gv(s) remains now the same 
as with a PI and the traditional model, and therefore Kp and Tn 
can be calculated as traditionally. In Fig. 12, the proposed 
control including the Rpv estimation is shown. 

 
Fig. 12.  Proposed PV voltage control loop 
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This control has been validated by simulation with PSIM. 
The features of the simulated system are identical to the 
traditional control excluding that now, the proposed control is 
used. In addition, the design cutoff frequency for the voltage 
control is fvc=20 Hz and the phase margin is PMv=55º. The 
cutoff frequency is chosen quite lower than 100 Hz in order to 
avoid interactions with the 100 Hz ripple of the single-phase 
converters. Given that the bigger the PV array, the slower the 
average irradiance variation in the whole PV array, this cutoff 
frequency is high enough to perform a fast MPPT/LPPT and to 
reject the irradiance variations [35]. 

The performance of the control is shown in Fig. 13 for the 
same conditions of the test in Fig. 11 (note that the time scale 
is different). The real dynamic resistance and its estimation are 
also represented in the figure. Given that the design cutoff 
frequency is 20 Hz, the rise time of the voltage response 
should be constant and close to 23.9 ms (using 3/ωvc). 
However, during the transient from 260 to 250 V, i.e. near to 
open-circuit, the rise time is 18.4 ms, whereas from 220 to 
210 V, around the MPP, it is 15.1 ms. This deviation of the 
actual cutoff frequency from the design value is caused by the 
misestimation of Rpv. As it can be observed in the figure, the 
misestimation only occurs in transients due to a retard in the 
estimation of Rpv,est. In any case, when using the proposed 
control, the rise time is much closer to the design time than in 
the case of the traditional control, where it was expected to be 
9.5 ms but varies from 730 ms near to open-circuit to 108 ms 
around the MPP (see Fig. 11). Furthermore, the rise time 
obtained with the proposed control is much lower despite 
having a lower design cutoff frequency (20 Hz versus 50 Hz). 
Thus, thanks to the proposed control, the MPPT/LPPT 
controller period can be considerably reduced, which leads to 
an improvement of its performance. More precisely, on 
account of the analysis of [29] for the stabilization time, the 
traditional control requires a MPPT/LPPT cycle of about 1 
second whereas the proposed control can reduce this time up 
to about 40 ms). 
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Fig. 13.  Simulation of the PV voltage regulation with the proposed control 

V.  EXPERIMENTAL RESULTS 
In this section, the modeling is validated and the traditional 

and proposed control strategies are tested using the 
commercial single-phase converter which was presented in 
Table I. Its input is connected to the PV array shown in 
Table II and its output is connected to the grid. 

Modeling is first validated. From Fig. 8, the theoretical 
current reference to PV voltage transfer function Gv* can be 
obtained as follows: 

11/
1)()()(*

+⋅⋅
⋅

+
−=⋅=

sCR
R

s
sGsGsG

pv

pv

ic
viclv ω

  (35) 

To validate this model, the voltage control loop is 
deactivated. For a sunny day, a current reference composed by 
a constant and a small-signal sinusoidal term is introduced. 
The constant component is adjusted in order to set the desired 
vpv operating point, i.e. the desired dynamic resistance. With 
the sinusoidal term, a frequency range is swept for that 
operating point. Then, the small-signal PV voltage response is 
measured, obtaining the gain for each frequency. 

The experimental gain diagram of the Bode plot is 
represented in Fig. 14 for one operating point in each of the 
three different regions of the I-V curve: Constant Current 
(CC), Maximum Power Point (MPP), and Constant Voltage 
(CV). The lines represent the theoretical response given by 
(35) and the points represent the experimental values. As it can 
be observed, the experimental points match the theoretical 
model carried out in section II. 

In this figure, the effect of the dynamic resistance on the 
plant can also be observed. In fact, the gain at low frequencies 
is equal to Rpv itself. In addition, it can be observed the 
influence of the Gv transfer function pole, which is located at a 
frequency of 200 rad/s in the CC, 1250 rad/s in the MPP, and 
10000 rad/s in the CV. The pole due to the current closed-loop 
is common and equal to 2850 rad/s. 

 
Fig. 14.  Gain of the reference inductor current to PV voltage transfer function 

Gv* at three operating points 
 

The traditional control is now tested by maintaining the 
original configuration of the converter; that is, with the design 
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values of fvc=50 Hz and PMv=40º (as in section III). The PV 
voltage and the PV current are depicted in Fig. 15 for steps of 
the voltage reference. At the moment of this test, the 
conditions were: g=820 W/m2, T=51ºC, and Voc=227 V. It can 
be observed that the regulation speeds up when reducing the 
voltage since it increases the dynamic resistance. More 
precisely, the rise time is 660 ms near to the open-circuit, then 
470 ms, 310 ms and finally 130 ms around the MPP. Similarly 
to the simulation results (Fig. 11), these rise times validate the 
slowing down of the control for high values of the PV voltage. 

 

 
Fig. 15.  Experimental results for the traditional control 

 
Modifying the converter configuration, the same test was 

carried out by means of the proposed control, with fvc=20 Hz 
and PMv=55º (as in section IV). At that moment, the 
conditions were: g= 700W/m2, T=49ºC, and Voc=228 V. The 
results are presented in Fig. 16, showing that dynamics and 
overshoot of the regulation remain almost constant 
independently of Rpv. More precisely, the rise time is 20.5 ms 
near to the open-circuit, then 18.5 ms, 16.8 ms and finally 
14.3 ms around the MPP. This figure confirms, in contrast to 
the traditional control, that the regulation performance is 
almost constant independently of the operating point. 

 

 
Fig. 16.  Experimental results for the proposed control 

 
In Fig. 17, the 100 Hz ripple of vpv and ipv (vpv100 and ipv100), 

and the estimation of the dynamic resistance are represented. 
The data are taken from the microprocessor during normal 
operation, with a sample time of 250 μs. It can be seen that 
vpv100 and ipv100 are accurately obtained. As a result, the 
dynamic resistance is well estimated even for very low 100 Hz 
ripple. This small ripple makes it possible to perform a high-
efficient MPPT while preventing the components from a 
lifetime reduction. More precisely, on account of the ripple 
shown in Fig. 13 and 16 at MPP, and considering [36], the 
losses under MPPT are less than 0.1%. 

 

 

 
 

Fig. 17.  Experimental results for the dynamic resistance estimation 

VI.  CONCLUSIONS 
In PV systems, the PV voltage regulation depends on the 

dynamic resistance, which changes with the characteristics of 
the PV array and it is highly variable with the irradiation, the 
temperature and especially with the PV voltage. In traditional 
control loops for the DC/DC boost stage of PV converters with 
large input capacitor, the effect of the dynamic resistance 
variation on the dynamic response of the compensated system 
is negligible. However, in the last years, the input capacitor of 
the commercial converters has been reduced in order to cut 
costs, which has brought the performance of the voltage 
regulation highly dependent on the operating point. 

By means of a linearization of the PV array, this paper 
exposes how the dynamic resistance reduces the performance 
of the regulation to a high extent when a small capacitor is 
used. In order to avoid that variability, an adaptive control is 
proposed. The dynamic resistance is firstly estimated from 
measured variables of the converter, namely the PV voltage 
and the inductor current. Then, the controller is continuously 
adapted making use of the estimation. The resistance is 
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accurately calculated by means of the voltage and current 
100 Hz ripple present in single-phase inverters. This avoids 
misestimations caused by abrupt irradiance variations. 

The traditional control and the proposed control are tested 
using a commercial converter with a small 40 μF input 
capacitor, and a 4 kW PV array. The experimental results 
validate the theoretical analysis, show the problems of the 
traditional control, and demonstrate the better performance of 
the proposed control and the correct estimation of the dynamic 
resistance 
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