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Abstract—Partial power processing is a concept applied to
power converters in order to reduce its losses, size and cost. This
technique consists of designing a converter that only processes a
fraction of the input power.

This dissertation’s objective is to analyze the performance of a
partial power converter when operating in a DC microgrid. For
that purpose, the partial power converter will be designed and
sized to operate as both a step-up converter and a step-down
converter to connect a PV system and a constant power load,
respectively, to the DC microgrid.

A Maximum Power Point Tracker (MPPT) algorithm is used to
guarantee maximum power generation of the PV system. For the
converters, non-linear controllers were designed based on
Lyapunov Stability Theory and used the Backstepping technique
and Sliding Mode Control methods.

A DC microgrid was modelled and simulated and the results are
analyzed to evaluate the performance of the DC microgrid
components for different operation scenarios.

Index Terms— DC Microgrid, MPPT, Non-linear controllers,
Partial Power Converter, PV system.

I. INTRODUCTION

The technique of partial power processing consists of designing
and sizing a converter to only process a fraction of the total
power. This way the converter's losses, size and cost can be
reduced. This technique is achieved by "splitting™ the power
flow into two paths: one being a series path between input and
output and the other being the conversion stage. This way the
conversion stage can be sized for a smaller power which means
that in comparison to a full power converter its semiconductors
ratings can be reduced. If it is the case that a transformer is used
in the conversion stage, its rating and size can also be reduced.
These improvements potentially lead to an increase in the
converter's efficiency and a reduction of its size and cost.

The concept of Partial Power Converters (PPC) has been around
for some time: in [1] a converter referred as Series Connect
Boost Unit (SCBU) was presented for spacecraft applications.
This converter achieved a high efficiency by using an isolated
buck converter in series with the input voltage source which
only processed a fraction of the total power. It must be noted
that as more partial power processing architectures were

presented along the years, the name SCBU became obsolete and
many names have been used to refer to these types of
converters, such as Partial Capacity Converter, Partial Power
Processing Converters and Series Voltage Compensation [2].
This lack of agreement has been recognized in [3] and a
unifying criteria for nomenclature has been proposed, however
since it is out of the scope of this thesis to classify and analyze
different PPC architectures the names of step-up and step-down
PPC are chosen for simplicity.

More recently and focused in the problem of voltage mismatch
between PV panels in a string (e.g. due to shading), presented
in [4] is a study of various PV panel integrated DC-DC
converters where the technique of PPC is analyzed as one of the
solutions. Several applications have been proposed that follow
this concept, such as: the well-known doubly fed induction
generator [5] for wind turbines, a DC bus regulator [6] for
spacecraft applications or a DC-DC converter [7] for distributed
PV architectures. The topology that this thesis focuses on is the
one in [2] and [8] in which a PPC based on a Flyback converter
is presented to integrate two-stage configurations (a first DC-
DC stage to boost the voltage and a second DC-AC stage to
connect to the grid). For the purpose of this thesis only the DC-
DC stage is interesting since the PV system is being connected
to a DC grid instead of an AC grid.

II. DC GRID CONVERTERS

The DC microgrid is composed of several converters, each with
a different purpose. The focus of this thesis is the PPC topology
that will be used to design two converters, a step-up converter
and step-down converter. The step-up converter will be used to
connect a single panel PV system to the DC microgrid whereas
the step-down converter is used to connect Constant Power
Loads (CPL) to the grid. The step-down converter is used to
connect Constant Power Loads (CPL) to the grid. Lastly, a
bidirectional Dual Active Bridge (DAB) converter is also used
to set and maintain the DC microgrid voltage and to balance the
power flow in the grid. These converters and the overall DC
microgrid configuration can be seen in Fig. 1

1) Step-up Partial Power Converter
In order to connect the PV panel to the DC grid a step-up

converter is needed to boost the voltage at the output of the
panel. The DC grid operates at 380V while a 60 cell PV panel



voltage ranges around 30V, so a high voltage gain is required.
A popular choice for this scenario is the flyback converter since
it presents high voltage gain, galvanic isolation and it is used
for low power (200-300W). The used PPC topology is based on
the flyback converter and inherits most of its characteristics
except galvanic isolation. A MOSFET semiconductor was
chosen as the converter will operate at frequencies of 50 kHz
and above. In Fig. 2 the PPC based on a flyback topology can
be seen.
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Fig. 2 - PV system connection to a DC grid using a flyback based
partial power converter configuration

Applying Kirchhoff’s laws we get (1) and (2):
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The voltage Vpc and the voltage across the inductance Lm will
depend on the state of the semiconductor switch S1 and are

given by (3) and (4), respectively, where N is the transformer's
turns ratio n = - .
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In Figures 3 and 4 the currents of the converter can be seen
during steady-state operation. The input current iin is non-linear
due to being the sum of currents with different magnitudes. This

gap between Ipc and Io is proportional to the turns ratio of the
transformer.
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Fig. 4 — Step-up PPC current ipC (orange) and i0 (blue)
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In order to size the PPC converter we need to derive the
input/output voltage relations. For comparison, the expression
for the flyback converter voltage gain is (5), where ¢ is the duty-
cycle of the switch. The gain for the PPC converter can be
calculated from the average value of the voltage in the
inductance. Given that in steady-state the average voltage in the
inductance is zero:
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The MPP PV panel voltage, Vimp = 28V can be used as the
nominal value since it uses the PV panel's nominal operating
cell temperature of 45°C, which is a more realistic scenario than
STC conditions of 25°C cell temperature. The output voltage
will be the 380V DC grid's voltage and so the required voltage
gain is:
Ve .
Vppc _V ( )

pv

Using this voltage gain as reference for the nominal operation
of the converter the turns ratio of the transformer can be

obtained. The desired duty-cycle ¢ during nominal operation
should be around 50% since this is the duty-cycle that
minimizes magnetic losses in the core for the flyback converter

[9]. Solving (6) for N we get:

G, (1-8)+1
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The authors of [2] and [8] present a parameter to analyze the
power processed by the PPC, which is simply the ratio between
the power processed by the converter and the power delivered
by the PV system as in (9).This parameter will be a value below
unity since the converter will process less power than the power
supplied by the PV system.

K, =—% ©

To calculate the Kpr for this converter the power Ppy = Vpy - lpy

and Ppc = Vpy - lpc, which are the power supplied by the PV
system and the power processed by the PPC respectively, are
used. The efficiency of the converter is calculated in (10), where

P, is the output power of the PPC.
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Then substituting (10) in (9) the value of Kpr for this converter

is obtained (11). For this converter the Kpr depends on the
voltage gain and efficiency of the converter.

N
K, =1-—"—

Vppc

(11)

The magnetizing inductance of the transformer also needs to be

determined. In steady-state the average value of iLm will remain
constant. However, the current waveform will present a
triangular shape which is affected by the magnetizing
inductance. Expression (12) is used to calculate the current

ripple.
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The current ripple AiLm in (12) still needs to be chosen in order

to determine Lm. The average current in Lm will be given by
(13), after adjusting for a PPC configuration with a factor of
Kpr.
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Solving (12), Lm is calculated:
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The sizing of the input capacitor takes into account the current
ripple in iin which is a non-linear current due to it switching
between windings (Fig. 3). Applying Kirchhoff's Current law,
icpv is given by (15) and its waveform can be seen in Fig. 5.
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Fig. 5 - Current ic;pv

Since current ipy is a slow changing current with a small ripple,

it's only needed to determine the ripple of current iin, which is
given by (16) and (17).
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The output capacitor will be sized assuming steady state
operation and so it can be given by expression (18):
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Even though the average value of current icpy is zero in steady
state, it oscillates around zero with a peak-to-peak amplitude of
Aliin and its waveform somehow resembles a square waveform.
For the purpose of sizing the input capacitor, icpy is
approximated to a square waveform centered in zero and with a
value of Ai;, /2 when Sz is ON and —A4i;,, /2 when S1 is OFF.
Assuming a maximum ripple of 2% in Vpy, Cpy can be
calculated by the following equation:
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In table 1 all the relevant calculated parameters for the step-up
PPC can be found.

Table 1 - Step-up PPC nominal operation parameters

Nominal Operation Parameters

Input Voltage va V] 28
Input Current | o [A] 6.7
Output Voltage V., [V] 380
Output Current |, [A] 0.48
Duty-cycle [%] 50
Switching frequency f, [kHz] 50
Partial power ratio K , 0.9263
Transformer’s turns ratio, N 12.57

Magnetizing inductance L, [uH] 225

Input capacitor va [LF] 108

I11. CONTROLLERS DESIGN

In this chapter the control strategies used for the step-up PPC
are developed. For all the converters, nonlinear control methods
are used and for the step-up PPC a linear Pl controller is
designed for comparison purposes [10].

The converters studied in this paper are all nonlinear systems.
This requires the system to be linearized to apply classical
control methods. The problem with this linearization is that it is
done for a certain operation point and for large deviations from
this point the controller's performance worsens. An alternative

is to use non-linear control methods as the backstepping
technique and sliding mode control. Both these methods are
used to design the controllers of the converters along with the
use of Lyapunov's second method to assure the stability of the
system [11] [12].

1) Step-up PPC non-linear control
The nonlinear controller developed for the step-up PPC uses an

external loop for the voltage using the backstepping technique
and internal loop for current using sliding mode control.

a) Backstepping voltage controller

The voltage to be controlled in the step-up PPC is the PV panel
voltage, which is the input voltage of the converter (Fig. 2). The

error yvpy is then defined as:

eva :VPVref _va (20)
The integral error of the voltage is also defined:
t
e, = _[evpv dt (21)
0

The integral error is used to assure zero steady-state error that
may occur due to parameters mismatch. Combining the two
errors a Lyapunov function is proposed:
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Where Kj1 is a constant greater than zero. This function is
positive definite and radially bounded. Its time derivative is:

de\/pV
dt

Vvl:Kll'ell'eva_'_eVpV (23)

To guarantee asymptotic stability Lyapunov’s second method
is used and the following constraint is applied:

Viu<0=
24
= K188, + &y dZ"t"V =—K,.ef, K, >0 0
The time derivative of the input voltage is:

pv pv



Using (25) the time derivative of the error €vpy is obtained:

deva _ dVPVref _ Iy =1 (26)
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By using (26) in (24) and solving for the current lin the control
law for that current is obtained:

| —_i C K K dVPVref
INref — Ipv pv vleva + Ilell + T (27)

b) Sliding mode current controller

The inner loop controls the input current of the converter and
uses sliding mode control. Since the control objective is
iin=linrer , the sliding surface of the controller is the error
associated with this current, which is to be kept in the vicinity
of zero.

S(iin) =€, = IINref - iin (28)
In order to determine the control law, the dynamics of the input
current iin is calculated using (4) and (16) resulting in (29).
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As the DC grid voltage, Vdc, is always higher than the PV

voltage, Vpy, the derivative of the input current has different
signs according to the state of the semiconductor switch:
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From (30) the state of the semiconductor can be chosen in order
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The system cannot reach the surface otherwise the switching
frequency would need to be infinite. An interval centered
around zero must be determined.

As was shown in Fig. 3 the input current is discontinuous as the
result of being the sum of the two winding currents of the
transformer. Consequently, when the state of the semiconductor
switch changes the current suffers a significant discontinuous
increase/decrease. The difference of magnitude between the
winding currents of the transformer increases as turns ratio
increases. This difference is reflected in current iin and must be
accounted for. Specifically, the acceptable error interval needs
to include the difference between the winding currents.

Considering the upper boundary of the current, it must be high
enough so that when it is divided by the transformer turns ratio
it is still higher than the lower boundary. This results in the
condition (32) where the minimum ratio d, for which the
current reference can be multiplied, is obtained.
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A minimum error ripple is defined as Amin = linref -0 . This
ripple is then increased A = Amin + Aadd , through the use of

the term Aadd to match the desired switching frequency, in this
case 50 kHz for nominal operation of the PV panel. Finally the
control law is obtained as presented in (33):
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Regarding the switching frequency it must also be noted that as
the PV panel deviates from nominal operation so will its
current, meaning that if the irradiance lowers, ipv lowers as well.
Consequently, the current reference also lowers as a result, and
the error ripple gets smaller, which will increase the switching
frequency.

IV. RESULTS

The operation of the sized converters and designed controllers
will be analyzed in order to evaluate their performance. Using
MatLab/Simulink the elements in Fig. 1 were modelled and
tested in different operation scenarios:

e Scenario 1 — Stand-alone operation of PV panel in
nominal conditions

e Scenario 2 — Stand-alone operation of PV panel with
irradiance levels change

e Scenario 3 — DC grid behaviour
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Fig. 6 — Matlab/Simulink model used for scenario 1 and 2.

A. Scenario 1 - PV panel operation in nominal conditions

The first scenario tested focuses on the PV system working at
nominal conditions which are: an irradiance of 800 W/m?and a
cell temperature of 45 C°. These are called Nominal Operating
Cell Temperature (NOCT) conditions. In these conditions the
panel operates at its MPP if its voltage is 28V and is supplying
a power of around 188W. The operating values in NOCT
conditions for this PV panel are seen in table 2.

Table 2 — PV panel manufacturer’s datasheet data for NOCT

conditions
Maximum power Pmp [W] 188
MPP current Imp [A] 6.7
MPP voltage Vimp [V] 28
Isc [A] 7.28
Voc [V] 34.7

The connection of the PV system is made using the step-up PPC
and its simulation parameters are the same ones presented in
table 1. In Fig. 6 the MatLab/Simulink model used to test
scenario 1 and 2 is shown.

The results from using the non-linear controller design in
section 111.1) are presented in Fig. 7 where both the PV voltage
and MPPT voltage reference are shown. It is clear that the PV
voltage has reached the desired MPP of 28V and it is oscillating
around this value, as is expected from the P&O method. The
controller is able to make the PV voltage follow the MPPT

voltage reference for a MPPT period of 5 ms with a fast
response and while attenuating any oscillations.
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Fig. 7 - Voltage MPPT tracking using a non-linear controller during
nominal operation

Furthermore, the power generated by the PV panel is seen in
Fig. 8. It is slightly above 188W, around 191W, and this may
be due to a mismatch between the actual values from the PV
panel datasheet and the ones used in the Simulink model.
Nonetheless the values are close enough to conclude that it is
working correctly. It can be noted that the slight oscillation
observed in the power is due to the voltage level being

constantly oscillating around 28V. The partial power ratio Kpr
also presents this oscillation (Fig. 9) but matches the expected

value, averaging at Kpr = 0.9265, very close to the 0.9263
theoretical value.
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Fig. 9 - Partial power ratio Ko of the step-up PPC during nominal
operation



A comparison of losses between the step-up PPC and the
flyback converter is also made because of their similarities.
Conduction losses are accounted for all of the converters
elements and so are the switching losses for the MOSFET
semiconductor. It must be noted that the Simulink model of the
semiconductors is ideal, so a parallel RC circuit is added to
simulate switching losses, sized for a turn-on and turn-off time
of 100 ns. The flyback converter that is used as comparison is
sized to work at the same conditions as the step-up PPC. In table
3 the parameters used to model the conduction losses are
displayed. Except for the transformer's winding resistances and
input capacitor resistance, which are sized for 0.5% of the input
power in losses, all the parameters were taken from datasheets
of components appropriate to work at the voltages and currents
of the system at nominal operation. The transformer of the step-
up PPC was also sized for a fraction of the input power, equal

to the partial power ratio Kpr = 0.9263, effectively reducing the
conduction losses.

Table 3 - Non ideal elements used to model conduction losses in both

converters.

PPC primary winding resistance R1 [mQ] 10
Flyback primary winding resistance Rify [mQ] 11
PPC secondary winding resistance Rz [mQ] 126
Flyback secondary winding resistance Ram [mQ] | 150
Input capacitor resistance Rc[Q] 30
MOSFET ON resistance Rds [Q] 17
Diode resistance R4 [Q] 21.5

Diode forward voltage Vqd [V] 0.9

The MPPT algorithm is turned off for this comparison of losses
and instead the non-linear voltage controller is given a constant
voltage reference of 28V. This will eliminate the oscillation of
the voltage value around 28V and make it easier to compare the
values between the converters. For each converter (step-up PPC
and flyback) the power being generated by the PV system is
measured as well as the output power, then the efficiency of the
converter is computed. The results are seen in Fig. 10 and Fig.
11 for the step-up PPC and Flyback converter, respectively.
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Fig. 11 - Input power, output power and efficiency for nominal
operation of the Flyback converter considering conduction and
switching losses

While in both cases the input power was the same,
Ppv=191.6W, the output power differed. The step-up PPC
reached an output power of Py=185.2W and efficiency of
N=96.7% whereas the flyback converter reached an output
power of Po=183.6W and efficiency of N=95.8%. The voltage

and currents in the semiconductors also differ. The Kpr also
slightly increased in the step-up PPC when losses were
simulated because it depends on the efficiency of the converter
and it was previously simulated without considering them.
Table 4 summarizes the differences between the converters,
including the voltage and current levels in the semiconductors.
In comparison to the flyback converter the step-up PPC is able
to achieve a better efficiency while also reducing the
semiconductors ratings.

Table 4 - Differences between step-up PPC and flyback at nominal

operation
Step-up
Parameter PPC Flyback
Input Power [W] 191.6 191.6
Output Power [W] 185.2 183.6
Efficiency [%] 96.7 95.8

MOSFET blocking voltage [V] 56 56

MOSFET draining current [A] 6.35 6.83
Diode blocking voltage [V] 700 756
Diode forward current [A] 0.48 0.48

B. Scenario 2 - PV panel operation with irradiance levels
change

The second scenario is still focused in the PV system, however
in this case the irradiance levels change during the simulation
in order to evaluate if the system is able to respond to these
changes, namely if the PV panel maintains its MPP operation.
The MatLab/Simulink model for this scenario is the one seen in



Fig. 6 since the focus is still in the connection of the PV system
to the DC microgrid.

The irradiance levels change in the following order:

e Instantt = 0s: Irradiance = 600 W/m?

o Instantt = 0.2s: Irradiance = 800 W/m?
e Instantt = 0.4s: Irradiance = 400 W/m?
e Instantt = 0.6s: Irradiance = 200 W/m?

Each irradiance level lasts for 0.2s for a total test duration of
0.8s. In Fig. 12 the results for using the nonlinear controller are
presented. The controller is able to maintain the MPPT for all
irradiances. The voltage reference, Vmppr, 0scillates around the
value of 28V for all irradiance levels except the last one of 200
W/m? where it dropped to 27.5V.
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Fig. 12 - Voltage MPPT tracking using a non-linear controller for
various irradiance levels

Figures 13 and 14 show the power generated by the PV system
and the partial power ratio respectively, for the various
irradiance levels while using the nonlinear controller. The
results are as expected, with the power generated by the PV
system being proportional to the irradiance level and the partial
power ratio of the step-up PPC remaining mostly constant
(besides the disturbances that occur when the irradiance is
changed). The partial power ratio should remain constant for
the different irradiances since it depends on the voltage gain of
the converter, which remains the same for all the irradiances
except for the last one of 200 W/m?.
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Fig. 14 - Partial power ratio Kpr of the step-up PPC for various
irradiance levels

Table 5 compiles the results of this scenario while using the
nonlinear controller. The switching frequency is also measured
since it changes according to the irradiance level, as explained
in section 111.1)b). The switching frequency is 50 kHz for the
800 W/m? and it increases up to 112 kHz at 200 W/m?, so even
though the nonlinear controller is able to follow the voltage
reference in low irradiance conditions, the converter is working
at a switching frequency higher than the one the converter was
designed for.

Table 5 - Results for the scenario 2 test

Irradiance [W/m?] 800 | 600 | 400 | 200
MPP voltage [V] 28 | 28 | 28 | 275
Input PV power Ppy [W] 191 | 144 95 47

Partial power ratio Kpr [%] 926 | 926 | 926 | 92.6
Switching frequency fs [kHz] | 50 57 70 | 112

C. Scenario 3 - DC grid behavior when both PV panel and
CPLs are connected and disconnected

The third scenario is aimed at observing the DC microgrid
behavior, namely its voltage and current, when both the PV
system and CPLs are connected, disconnected or working
simultaneously. This scenario includes all of the DC microgrid
elements represented in Fig. 1 and its MatLab/Simulink model
can be seen in Fig. 15. The design, sizing and control of the
step-down PPC and DAB converter were done in this
dissertation [10] but the results for this scenario are show
hereafter.

As the DAB converter is responsible for setting and maintaining
the DC microgrid voltage Vdc and balancing the power flow, its
output current Ig is indicative if the DAB converter is either
consuming or generating power. A negative value of ig means

power is being consumed while a positive value means the
DAB is generating power.

The test has a duration of 0.3s and consists of the following
steps:

e Instant t = Os : PV system is connected at NOCT
conditions: Irradiance = 800 W/m? and a 45 C° cell
temperature

e Instantt = 0.1s: 200W/24V load is connected

e Instant t = 0.2s : PV system is disconnected and
300W/48V load is connected

The test consists of three periods where the power processed by
the DAB converter is different. Until t = 0s only the PV system
is connected and so the DAB converter must consume all of its
power (current ig must be negative). From t = 0.1s until t = 0.2s
both the PV system and 200W load are connected and since the
PV system generates almost 200W in NOCT conditions the
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DAB converter will work at low power (current ig must be close
to zero). Finally, at t = 0.2s the PV system is disconnected and
the 300W load is connected. This amounts to a total power
being consumed of 500W (current ig should be positive).

In Fig. 16 the voltage and current at the output of DAB
converter can be seen. Except for a small dip after connecting
the 300W load the output voltage remained close to the value
of 380V for the duration of the test. On the other hand, the
current presents two spikes which are caused by the charging of
the input filters of the step-down PPCs when they are connected

att=0.1sand t=0.2s.
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Fig. 16 - DC microgrid voltage and current during scenario 3 test

Observing Fig. 16 and Fig. 17 confirms that the DAB converter
is working correctly in the three different zones. First it
consumes around 190W and its current is negative, in the
following zone both its power and current are close to zero
because the PV system power closely matches the load's power
and lastly the DAB generates 500W and its current is positive.
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Fig. 17 - Power being processed by the DAB converter

The voltages of the PV system and the loads are presented in
Fig. 18, where the MPPT can be seen working in the PV voltage
as well as the soft-starters for the step-down PPCs.
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Fig. 18 - PV voltage and load output voltages during scenario 3 test

The DAB converter proved to be a suitable converter
guaranteeing bidirectional power flow. Due to the non-linear



controllers the DC microgrid robustness to changes in operating
conditions is achieved, maintaining the DC microgrid voltage
stable while both generation of power and consumption
occurred. Additionally, the results of this scenario show that all
the elements of the DC microgrid are sized appropriately and
the desired behavior of the DC microgrid is achieved.

V. CONCLUSION

The main objective of this paper was to study a converter
topology, based on the technique of partial power processing,
in the context of a DC grid and analyze if its performance,
present its benefits over existing converters, namely a better
efficiency and a reduction in the power ratings of the converter's
components. This converter topology was originally proposed
as the DC-DC stage of the connection of a PV system to an AC
grid, but in the case of connection to a DC grid its use is even
more justified since no AC-DC stage is needed.

A DC microgrid was modelled and simulated in
Matlab/Simulink where various scenarios were tested. The
obtained results were satisfactory and were the expected ones:
the step-up PPC connected the PV panel to the DC microgrid
while obtaining a better efficiency and lower power ratings for
its components in comparison to the similar and commonly
used flyback converter; the non-linear controllers were shown
to have a fast response and able to easily attenuate oscillations.
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