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Abstract

This paper presents the modeling and control of a push-pull converter integrated into a two-
stage photovoltaic microinverter operating in island mode without backup energy storage
components (batteries). A push-pull small signal model is presented, from which they are
derived all transfer functions needed to implement the controllers that regulate the output
current, input voltage and output voltage interacting with the MPPT algorithm. A significant
contribution of the paper is the proposal of an innovative control structure that simultaneously
regulates in island mode both the ac voltage and the dc voltage of the panels, in order to
place it in the best operation point. Such operation point is calculated by a specific control
loop that interacts with the MPPT algorithm. To validate the proposed concept, simulations in
PSIM™ were carried out.

Keywords: Distributed Generation, Microinverters, Photovoltaics Panels, Push-pull.

1. Introduction

In recent years, a major global priority is the development of renewable energy. These
energy sources produce lower pollution in terms of CO2 emissions than conventional fossil
fuels. From this point of view the distributed generation concept takes importance and it
represents a paradigm shift from centralized power generation [1-2].

Distributed generation can be defined as small-scale generators installed near the loads with
the ability of interacting with the grid importing or exporting energy [3].

Under this scheme, autonomous low power converters called microinverters [4] have been
developed. Microinverters have the ability of operating both in grid connected mode by
injecting energy from renewable sources (solar energy, wind energy, fuel cells, among
others) to the grid, and in islanding mode feeding local loads without grid connection.
Besides, they can be connected to other inverters with similar characteristics to supply a
higher number of loads, being easy to expand [5-6].

Since photovoltaic (PV) panels supply a too low voltage to directly inject power to the grid by
means of an inverter, microinverters working from a single PV panel normally use a two-
stage power topology composed by a DC/DC converter providing a high enough DC voltage
to a grid connected inverter. In a 230Vac single-phase grid the DC voltage provided to the
inverter is usually 380Vdc to 400Vdc.
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The proposed microinverter is composed by a push-pull DC/DC converter that processes the
energy generated by the panels, feeding a single-phase power inverter that injects the
energy into the grid if the microinverter is operating in grid mode, or feeds local loads if it is
working in island mode. This topology is a good choice for low input voltage and medium
power. Its advantage when compared to Full-bridge DC-DC converters is that only two power
transistors are needed. When compared to a Half-bridge DC-DC converter, the Push-pull
doesn’t need a capacitive input voltage divider bearing high RMS currents. The main
drawback of the Push-pull topology is that the power transistors withstand twice the input
voltage, but that is not a problem in low input voltage applications.

This paper focuses on the operation of the push-pull converter in island mode, without the
need of additional energy storage systems, such as batteries and supercapacitors. The
microinverter delivers the energy demanded by the load if enough energy is available from
the PV panel. It is worth pointing out that batteries are the typical backup energy system
used in island mode (also in stand-alone) inverters to maintain the supply capacity during at
least several minutes, even several hours, when the input source fails. Certainly, the DC-link
capacitors of the power stage are charged at 1/2:C-V?, being ‘microinverter built-in’ energy
storage devices. However, for the usual values of C in this kind of systems the amount of
energy stored in those capacitors is relatively low, so that they can't be considered a backup
energy storage device. As an exception, if batteries are combined with the use of
supercapacitors, the latter could be considered as a part of the backup energy storage.

In island mode photovoltaic generation systems usually need backup energy storage to be
capable of simultaneously regulating the ac voltage at the point of common coupling and of
managing efficiently the PV source. With the proposed operation the microinverter can
perform both functions at the same time without the need of an energy backup. That
constitutes an important contribution of this paper.

The paper is organized as follows. First, the circuit configuration will be presented. Second,
the push-pull circuit will be modeled in order to obtain the transfer functions needed to design
the control loops. Third, push-pull controllers in island mode will be designed. Fourth, the
controllers will be validated by PSIM™ [7] simulation. Finally, some conclusions will be
outlined.

2. Circuit configuration

The topology selected to develop the microinverter is based on a double conversion scheme.
The energy generated from a low power array of panels (430 W) at low voltage (24V — 37.6
V) is processed by a DC/DC push-pull converter which supplies a 400 Vdc voltage to the
power inverter. The circuit scheme of the microinverter is shown in Figure 1.

Fig. 1. Block diagram of the microinverter.

However in the following study, the inverter has been considered as a load from the DC-DC
converter point of view. It is quite obvious that the true load is connected at the ac side of the
microinverter, but the inverter stage is the front-end of the DC-DC converter, so that
modeling the inverter as a load for the DC-DC converter is quite reasonable. This scheme is
presented in Figure 2.

Fig. 2. Cenventional-Proposed peak current control scheme of push-pull converter. NOTA: No

entiendo por qué se la llama ‘conventional’ cuando en realidad es lo que se propone, y por tanto
deberia ser ‘proposed’

In the isolated operation mode and without the use of backup energy storage elements, the
push-pull should deliver the amount of energy demanded by the load if the generation

2
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capacity is not exceeded. In that case the supplied power should be limited to the maximum
available from the source. To achieve this, this paper proposes to regulate the input voltage
(Vg) of the push-pull by means of a reference set by the addition of two components. The first
one is the signal calculated by the maximum power point tracker, MPPT (Vi meer),
implemented by a P&O (perturb and observe) algorithm [8-10]. The second component is
obtained by closing an external voltage loop, which controls the output voltage (Vpc) of the
push-pull, i.e., the input voltage of the inverter. Note that this voltage is usually controlled by
the inverter in grid connected applications, because there is no need to regulate the ac
voltage and, therefore, the inverter can regulate its input dc voltage by managing the amount
of energy that is injected to the grid. On the contrary, in island mode the inverter must
regulate the ac voltage, so that it can’t also regulate its input dc voltage. Apparently, the DC-
DC converter could achieve this task in a conventional way, i.e., by closing a voltage control
loop of the output voltage around the inner current loop. However, in that case the PV panels
voltage would be uncontrolled and the energy that they are supplying would not be efficiently
managed, i.e. the maximum power point (MPP) wouldn’t be reached. With the proposed
approach, the push-pull converter is regulating simultaneously both the output and the input
voltages. The input voltage is controlled by closing a control loop around the inner current
loop, while the output voltage is regulated by means of the proposed additional control loop.

The current controller was implemented using peak current control (CIC) [11], because in the
push- pull and other isolated DC-DC converters a small difference between the switching
times of the transistors may cause imbalance in the volts-seconds applied to the transformer,
producing its saturation and dangerous overcurrents through the transistors. Those
overcurrents are naturally avoided by CIC.

It is worth to point out that there is an inherent limitation given by the maximum power that
can be provided by the renewable source. If the consumed power is lower than the
generated one, it is necessary to leave the maximum power imposed by the MPPT to handle
such loads. In the opposite case (generation lower than consumption), the system cannot
meet this demand and the push-pull action is determined by the power management
scheme.

Table 1 summarizes the nominal values of the Push-Pull converter under study.

Table 1. Parameters of the Push-pull Under Study

Parameter Values
Panel voltage variation (V,) [24V — 36.7V]
Injected power by panel (P,,) 430W
Output voltage (Vpc) 400V
Push-pull inductance (Lx) 11mH
Push-pull input capacitor (Ci) 6.8mF
Push-pull transformer turns ratio (N) 20
Push-pull switching frequency (fs) 20kHz
DC link capacitor (CDC LINK) 1mF

3. Modelling of the Push-Pull DC-DC converter

Power converters (DC/DC or DC/AC) are nonlinear circuits; they must be linearized around
an operating point in order to apply linear control techniques. The model presented in this
paper is based on the PWM switch model [12-13]. This model explains satisfactorily, with
results closed enough to reality, the small signal behavior of converters working in both
continuous and discontinuous conduction mode. Additionally, it offers a linear equivalent
circuit from which it is possible to perform both small signal and DC analysis.
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The small signal models and the relationships established in the operating point of the push-
pull converter operating in island mode are presented below.

Figure 3 shows the circuital scheme of push-pull, from which the model of the converter has
been derived.

Fig. 3. Circuital scheme of push-pull.
The current source /,, represents the current generated by the photovoltaic panels and R;oap
represents the load which is fed by the push-pull. Note that R;o4p is used to model the power
demanded by the inverter that is feeding the AC loads.
The equivalent circuit of the push-pull at an operating point is shown by Figure 4.

Fig. 4. Equivalent circuit of the push-pull at an operating point.

From Figure 4 the following relationships can be established:

IL — VDC
RLOAD (1 )
Voc =D k-V,

The turns ratio is defined as k=1/N=(Ns/Np), and the effective duty cycle as D’=2-D, being D
the duty cycle of each one of the switches of the push-pull.

By the linearization around an operation point, a small signal model results as it is shown in
Figure 5.

Fig. 5. Small signal model of the push-pull.

As it is shown in figure 5, the quantities written in lower-case with the symbol "*" mean small-
signal terms. The uppercase quantities are operating point values.

Besides, the panels have been modeled by the linearization of the curves i,,=i,(v,) around
an operating point near the point of maximum power. The expression that determines the

averaged value of the PV panel power, P, , defined as the sum of the power in the operating

n

point, Py, and the small signal term, Ppvs is as follows:

A A A A A (2)

Pov =Py +Ppy =Poy + Vg ipv+ Vg b, +ipv-vg

A A
A

By neglecting the nonlinear term lovVev gng taking into account that p, =0 in an operating
point closed to the maximum power point, the following equation is obtained:

A A A
ipv Z—ﬂVg=m~Vg (3)
Vg

Generally, photovoltaic generators are composed by an array of panels; therefore equation
(3) can be rewritten as:
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A n | A A
ipv :—iﬂvg =m-vg (4)

ns Vg

Where n, is the number of branches in parallel and ng is the number of panels connected in
series per branch.

4. Push-pull control

As it was outlined in the previous section, peak current control (CIC) has been chosen to
control the peak current in the active switches (power transistors), so that there is an inherent
protection to overcurrents. The reference of the current loop is set by the controller of the Vj
voltage loop, i.e., the voltage applied to the photovoltaic panels. As explained in section 2,
the reference of the panels voltage control loop is set by the combined action of the MPPT
and the Vp¢ voltage controller. Figure 6 shows the block diagram that represents the system.

Fig. 6. Push-pull Control loops of input voltage, current and output voltage.

The power stage open loop transfer functions from the duty cycle to the output voltage (Gypc.
4(s)), from the duty cycle to the input voltage (Gvg.4(S)) and from the duty cycle to the output
inductor current (Gi.«.¢(S)) can be extracted from the dynamic models depicted in Figure 3
and Figure 4. The transfer function Gypc.q(s) is expressed as: OJO: la figura 3 no es un
modelo de pequefia sefal. Igual es otra figura.

Voc Zey[2-K2 DI, +2:K- V- (m=s-Cyy)) (5)

GVDC—d(S)z x = X
3l —k2-D%4(s Ly +Zgq)- (M—s-Cpy)

Where Z., is the impedance observed after the inductor 4 Lx Supongo que serd Lx (el
inductor, no la corriente) and it is expressed following (6).

_ (S ‘Coc_uink "Resr + 1)' R oap (6)
$-Cpc LNk - (RESR + RLOAD)+ 1

eq
The transfer function Gyg.4(s) is expressed as follows:

(2-V, -k-Ds-2-1, Ly )k (7)

= Vg _
k? D?-s-L,-m+s?-L,-Cp

Gyg-g (5) =

A

vpc=0
The expression of the third transfer function is the following:

i
Gixals)= %
d|

io=0

_2.k2~D'~|LX+2'k'Vg'(m_S'CIN) (1)
_—k2 ~Dl2+<S'LX +Zeq).(m_s~C|N)

4.1. Design of the inner current control loop

After obtaining these transfer functions, the sampling gain He(s) [14] can be calculated from
the following expression:
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* 2
Ho(s) = > Ts g4 S S (9)

eSTS—’I~ G)Z*QZ (l)%
Where:
w, = =62831.853
Ts (10)
Q; = _2 _ 06366
T
Finally:

(1)
Hy(s)=0.253-107 .82 ~25.107° - s +1

The sampling gain is very important to analyze the current inner loop for stability reasons. It
adds to the current loop two complex conjugate non-minimum phase zeros at half the
switching frequency [13]. This expression can be approximated to a second order polynomial
from DC to half the switching frequency, which is the limit of the small-signal models validity.

A current sensor gain R; = 0.015V/A has been chosen.

The following step is to determine the gain of the PWM modulator (Fy). In the case of CIC,
F1, depends on the sensing ramp (S,) and the slope of the external stabilization ramp (S,),
which has a constant amplitude and frequency. The goal of this ramp is to stabilize the inner
current loop in the whole range of the push-pull duty cycle. Fy is expressed by (12).

Fu= ! =

M (Sn+se)'Ts mc'sn'Ts (12)

mc=1+%
n

Being m. a factor that establishes the level of stabilization provided by the external ramp.
The value of S, is obtained from the following equation:

k*-1-D')-V, R,
S, = . g =2181V/seg
X

(13)

The next step in the design of CIC is to determine the value of m. for which the current loop
is stable. The expression of the current loop gain can be deduced from Figure 6 as: T;(s)=G,.
d(S) - Furk-Ri-He(s). In order to determine the value of m, that makes the current loop stable
and physically implementable, it is useful to perform a sweep of Ti(s) based on this
parameter as it is shown by Figure 7a. In a similar way, Figure 7b depicts the Bode plots of
the transfer function from the reference voltage to the inductor current as a function of m..

Fig. 7. Bode diagrams of (a) current loop Ti(s), and (b) reference voltage to inductor current transfer
function, for several values of m..

From figure 7 it can be seen that for m. values above 3, the system is stable, but the
crossover frequency decreases as the value of m; increases. For a value of m; = 15, a phase
margin close to 77.7° and a crossover frequency of 1.42 kHz results.

4.2. Design of the panels voltage control loop
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A voltage controller G,(s) must be chosen for cascade compensation of the current control
loop. Therefore, it is necessary to keep in mind the voltage sensor gain (8=0.05 in this case),
and the transfer function from the control voltage to the input voltage of the push-pull
converter, Gyg.v(S). This transfer function can be obtained from (7), (8) and the auxiliary
function that relates the inductor current and the control signal from the voltage controller,
following (14).

b TS (14)
b TRAT(9)

The transfer function Gyg.v(S) is expressed as follows:

-1

A A A A A A
6, . (g)=Yo .l _V [itx| i _vg (15)
Vg—Ve A A A A A A

ix ve d d vc Ve

The voltage controller sets the reference signal for the current control loop to regulate the
push-pull input voltage; it was implemented by means of a Pl controller [15]. The expression
of the chosen controller is:

Gv(s)zKp+%=3.75+%5o (16)

Figure 8 shows the bode diagram of the voltage loop gain, which is defined as T,(s)= Gy,.
ve(S)-B-G,(s).The diagram shows that the proposed controller achieves a phase margin of
90.2° and a crossover frequency of 199 Hz. This crossover frequency was selected to be
much smaller than the crossover frequency of the current loop, but not too small to slow
down the control action.

Fig. 8. Bode diagram of the transfer function of the voltage loop gain T,(s).

4.3. Design of the external voltage loop for VDC regulation

In order to design the voltage controller for the regulation of Vp, it is necessary to obtain the
control to output transfer function Gyg.er(S), and the transfer function from the PV voltage to
the voltage Vpc, Gvpc-vg(S). These transfer functions are presented below, following (17) and
(18):

N ) 17
Gvg—vref(s)=1+GV(S)‘Gvg—V (S)B "

[

-1

e fa] k) o
Vpc—Vyg a a 2 k2 . D'Vg +(S LX +Zeq) 2 ! k ! ILX

A value of a=0.006 has been chosen as sensing gain of Vpc. To achieve the desired
performance, the controller Gypc(s) was implemented by means of a Pl controller in cascade
with an integrator, following (19).
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1 K) 1 5756.81
Gvoc(s)=—s-[Kp+S']z—s-(30299+ A j (19)

Figure 9 shows the bode diagram of the Vpc voltage loop gain, Typc(S)= Gvpc.vref(S)
‘a-Gypc(S). Where the transfer function Gypc.er(S) may be calculated as:

A A

Vv \%
Gupcov,, (8) =7 (20)

Vg  Vref

Fig. 9. Bode diagram of the transfer function of the V¢ voltage loop gain, Tpc(S).

In Figure 9, the crossover frequency is 50 Hz and the phase margin is 76.2°. This figure
shows that the the system is stable for a given operating point (output power: 430W and PV
voltage at the MPP: 29.25V). However, it is necessary to analyze different operating points
as a function of the load power demand. Note that if the power demand is lower than the
MPP power, it is possible that the same PV power can be delivered at two different operating
points of the panel P-V curve (i.e. at two different values of the panel voltage), at it is
shown in Figure 10.

Fig. 10. Panel power vs. voltage. Marcar una horizontal de “load power demand” por debajo del MPP
y dos tensiones de panel Vg1 y Vg2 para visualizar en concepto anterior. Marcar que el punto de
trabajo correcto es a la derecha del MPP “correct operation point”.

In the Figure 10 it is shown the panel power vs. voltage for 1000 w/m? irradiance.
Additionally, the control zones where the push-pull operates are shown.

Figure 11.a shows a parametric sweep of the DC voltage loop Tvpc(s) and the Figure 11.b
shows a parametric sweep transfer function Vpc vs. the reference voltage, Gypc-vrer voc(S),
depending on the power consumed by the load and associated input voltage to the push-pull,
according to the values presented in Figure 10.

Fig. 11. Parametric sweep of (a) Typc(S), and (b) Gypc.vrer voc(s), depending on the power consumed
by the load and associated input voltage to the push-pull.

It can be observed that when the panel voltage is low (less than 21 V) the system becomes
unstable. The reason for this phenomenon is that the duty cycle is close to 1, so that the
system is not able to regulate the load condition. Therefore, in order to supply low power
loads the push-pull should work at the right side of the MPP, as shown by Figure 10. A major
challenge is to determine the maximum power that can be delivered by the panel without
using temperature and irradiance sensors, thus reducing implementation costs.

A solution to this problem is to place a negative limiter. The solution is based on the
following: if the power consumption is lower than the generated one, the reference voltage
will be lower than the sensed value of Vpc, so that the error is negative. The negative value
of the error is multiplied by the negative gain of the controller. This results in a positive value
of the control action that is added to the reference set by the MPPT, so that the panel voltage
increases, delivering the lower power consumed by the load. Additionally, the push-pull
regulates the voltage Vpc. If the error is positive (Vpc re7>Vbc), amplifying by the negative gain
of the voltage controller yields a negative value that becomes zero at the output of the limiter,

8
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so that the PV panel voltage follows the reference of the MPPT algorithm, that will extract the
maximum power available from the energy source.

Any real controller has a saturation region, and this region added to the integral effect of the
Pl produces a phenomenon called reset-windup [16]. This phenomenon can cause
overshoots in the time response and it can even destabilize the system. However, such a
phenomenon only appears when there are significant changes in the reference signal or
large-scale disturbances like abrupt load steps above 60%. A mechanism to address the
phenomenon described above is included in the control loop as an anti-windup. This
mechanism allows saturating the integral term to a preset value, in order to avoid extremely
large control actions from the controller [17]. These techniques can be classified by two
different approaches, conditional integration and back calculation [18]. The back calculation
[19] uses the difference between the saturated control signal and the unsaturated control
signal to generate a feedback signal that acts on the integrator input. The idea is to calculate
the integral action so that the new value does not reach the saturation level. This technique
was implemented in this paper.

5. Simulation Results

This section presents a simulation study about the operation of the push-pull converter
working in island mode. The simulations were carried out by PSIM™ software and the
scheme of the push-pull converter that was presented in Section Il.

Figure 12 depicts the response of the most important electrical variables (output voltage,
input voltage, input current and output power) of the push-pull to a load variation from 150W
to 410W when the power that can be extracted from the panels is enough to meet the load
power demand. Note that the maximum irradiance (1000 W/m?) was taken, so that the
system can deliver full power (430 W at Vpc=29.25 V).

Fig. 12. Main waveforms of voltage, current and power of the push-pull for changes in the load power
demand when the demand is lower than the generated power.

Figure 12 shows that the system responds to load changes (340 W, 410 W and 150 W),
following properly the power reference. It is observed that the panel voltage is greater than
the voltage at the MPP (29.25 V), because the load power consumption is lower than the
MPP of the PV source.

Figure 13 shows the control signals imposed by the MPPT (Vyeer) algorithm, the push-pull
output voltage controller (Vppc) and the voltage reference imposed to the push-pull input
voltage controller (V) for the load demand changes of Figure 12. No esta claro si Vyppr €S
la sefal a la salida del algoritmo MPPT o la suma de ésta con la salida del limitador
negativo. Explicarlo!! Seria buena anadir las etiquetas correspondientes a la figura 2. Por
cierto: la sefial V,¢ en la figura 2 que yo tengo no es una referencia sino una sefial de
error. Comprobar las etiquetas de la figura 2!!!!

Fig. 13. Control signals associated to the voltage reference imposed to the input voltage controller.

Note that the reference voltage of the input voltage controller, V., is the sum of the reference
produced by the MPPT algorithm, Vi mper, @and the output of the push-pull output voltage
controller affected by the negative limiter, Vppc (see Figure 2). Additionally, Figure 13 shows
how the output voltage controller takes over the system control while the signal imposed by
the MPPT decreases.
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Figure 14 shows the system response to load power demand changes from 420 W to 440 W,
exceeding in some time intervals the power that the photovoltaic panels array can generate
(430W).

Fig. 14. Main waveforms of voltage, current and power of the push-pull at power demand changes
exceeding the generated PV power in some time intervals.

Figure 14 shows that when the power demand exceeds the generation (changing from 420
W to 440 W at t=1.3 s), the system is able to deliver the maximum power available in the
panels (430 W); this is due to the effect of keeping the MPPT algorithm operating. In
addition, due to the negative limiter, the Vpc voltage controller does not correct the reference
value of the voltage set by the MPPT, which reduces the voltage Vpc (Voc keeps below
Vbc rer). By changing the load from 440 W to 420 W at t=5 s, and because the system is
within the range to supply the load demand, it regulates the voltage back to 400 V and meets
the power requirements of the load.

It is worth pointing out that when the overload phenomenon happens the system reduces the
voltage Vpc, so that it is necessary to define a lower value for which the system stops
working, or just left it in standby status, as defined by the microgrid management system.

Figure 15 shows the control signals imposed by the MPPT (Vyepr), the push-pull output
voltage controller (Vppc) and the voltage reference imposed to the push-pull input voltage
controller (V.er) when the overloading phenomenon happens.

Fig. 15. Control signals associated to the voltage reference imposed to the input voltage controller
when the overloading phenomenon happens.

Figure 15 shows that when the overload occurs from t=1.3 s to 5 s, the signal imposed by
input voltage controller is only determined by the MPPT, while the response of the output
voltage controller is cancelled by the limiter.

6. Conclusion

This paper presents the modeling and control of a push-pull converter operating in island
mode fed by photovoltaic panels. A small signal model of the converter is obtained, starting
from which all transfer functions of interest for the design of the control loops have been
calculated. An innovative control scheme has been proposed to achieve a proper power
balance at the load without the need of using backup energy storage elements.

As a result, the generated power is reduced to match the load power demand, both when
the demand is lower than the maximum one that can be extracted from the PV panels, and
when the power consumption exceeds the generated one. Obviously, in the first case the
output voltage is reduced leaving the MPP of the PV source, so that both the generated and
the supplied power agree. In the second case the power delivered to the load agrees with the
MPP of the source. The controllers design and the operation of the push-pull converter are
validated by means of PSIM™ simulations.
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