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ABSTRACT The connection of photovoltaic sources to a medium voltage dc collection network requires a
dc-dc converter having specific grid-connected converter capabilities. This article presents the application
of a phase-shifted full bridge (PSFB) converter for medium voltage dc collection networks suited to
photovoltaic power plants. The unidirectional structure of the converter is beneficial in terms of cost and
simplicity of hardware implementation of the MV circuit components. The design of the PSFB converter is
presented considering ratings of 250 kW power, 1.2 kV input, and 20 kV output. A converter model and a
novel PSFB input voltage control regulating the dc-link voltage are developed and verified. A tuning method
is given taking into account the effect of different transformer leakage inductance values. The behaviour
of the PSFB under the PV power production profile and MV network faults is studied in simulation and
verified against a reduced-scale prototype with ratings of 30 kW and 350 V / 600 V operating at 20 kHz. The
experimental verification of the control is performed considering a real PV power profile. The experimental
results under faults show the same response as in simulations. The PSFB fault response is observed to be
superior compared to other dc–dc topologies with capacitive output filter only, making it suitable for grid-
connected operation.

INDEX TERMS DC–DC power converters, photovoltaic systems, medium voltage.

I. INTRODUCTION
The European Commission set a 55% reduction target for
greenhouse gas emissions by 2030 [1]. This ambitious target
requires higher shares of renewable energy and greater energy
efficiency in an integrated energy system. Just in France,
based on the existing 10 GW photovoltaic (PV) installed
power [2], the objective is to reach 20 GW in 2023 and
35-44 GW in 2028 [3]. This will require the development
of large-scale PV power plants. PV power plants spreading
over many square kilometers may benefit from electrical
architectures based onmedium voltage direct current (MVdc)
collection networks [4], [5]. A gain in energy efficiency is
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expected when compared with medium voltage (MV) alter-
nating current collection networks [6]. Moreover, the benefits
of MVdc can be analyzed in terms of power dispatch, power
capacity, power supply range, raw material consumption,
CO2 emissions, network resilience, and ancillary services to
the ac grid. The MVdc network voltage level is expected
to be around 20 kV (±10 kV), even though the optimal
value depends on the power and distance [6]. Typically, the
maximum voltage generated by PV strings is 1.5 kV, which
is the upper limit of the low voltage (LV) range. Hence,
to interface PV strings with the MVdc network, a high-ratio
dc-dc converter is required.

Dc-dc converters have been well-studied for low-voltage
applications. The non-isolated dc-dc converters are often
derived from buck/boost topologies [7]. The isolated dc-dc
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converter topologies suitable in high power applications
include series resonant converters (SRC) [8] and LLC dc-dc
resonant converters [9] (most often operated in the open
loop), phase-shifted full bridge (PSFB) [10], single active
bridge (SAB) [11], and dual active bridge (DAB) [12], [13]
(used for bidirectional power flow). The isolated dc-dc con-
verters involve a transformer operating at medium frequency,
offering size and weight reduction [14], [15], [16] compared
with an equivalent power transformer operating at 50/60 Hz.

Dc-dc converters for medium voltage applications are dis-
cussed in [17], considering three main requirements: power
flow directionality, galvanic isolation, and modularity. In the
case of the dc-dc converter interfacing PV strings with an
MVdc network, only unidirectional power flow is required.
The galvanic isolation in high-ratio dc-dc converters allows
independent isolation coordination and grounding between
LV and MV circuits. Moreover, an isolated dc-dc converter
allows optimized power electronics design when compared
to a non-isolated [18]. A monolithic converter is expected
to be more cost-effective when compared to a modular one,
typically because of the insulation requirements.

A unidirectional, isolated dc-dc converter was proposed
in [19] for interfacing PV strings with an MVdc network.
The topology is based on the isolated boost converter [20].
An inductor is added at theMVdc terminals to increase output
impedance to network faults such as line short-circuit. The
converter includes only one maximum power point tracking
(MPPT) input, while commercial PV inverters usually present
multiple inputs to achieve higher granularity for a better
energy harvesting [21], [22].

In this article, a unidirectional, isolated dc-dc converter is
proposed as presented in Figure 1. The system implements
multiple MPPTs (each based on a boost converter), and one
monolithic PSFB converter for voltage step-up and galvanic
isolation. The novel contribution of this article resides in the
demonstration that the well-known and simple PSFB topol-
ogy is suitable for PV integration inMVdc networks, meeting
the application requirements in terms of input voltage control
and fault response. The control of the PSFB input dc-link
voltage is derived from the ac grid-connected converters used
in PV and wind applications [23], [24], [25], [26]. One of the
contributions of this paper is to transpose the control scheme
from ac-dc ac grid-connected converter to a dc-dc dc grid-
connected converter. This paper proposes a novel and robust
control scheme for the input voltage, taking into account the
leakage inductance of the transformer of the PSFB converter.
The control scheme regulates the LV input voltage under
the PV power and MVdc voltage variations, while previous
works were focused on output voltage regulation. The input
impedance transfer function affected by the leakage induc-
tance blanking time is derived in [27] but no input voltage
regulation and tuning are proposed. Following the goal of
the simplicity of the MV converter circuit implementation,
the control relies on low-voltage circuit sensors only. Sim-
ilarly, the output filter structure of the PSFB is shown to

FIGURE 1. Single line diagram of the dc-dc converter station for
interfacing PV with MVdc network.

be beneficial for handling faults in the MVdc network. This
property is essential in network-connected converters.

This paper is organized as follows: section II presents the
case study of the MVdc collection network for a PV power
plant. Section III details the unidirectional isolated dc-dc
converter topology and its model, and proposes a control
scheme and tuning method for the input voltage regulation.
Section IV gives the simulation results in transients and
faults. Section V shows the experimental results based on a
reduced-scale converter prototype.

II. MVDC COLLECTION NETWORK FOR PHOTOVOLTAIC
POWER PLANT
A 17.3 MW PV power plant spreading linearly over 20 km is
considered here [6]. This radial, ±10 kV collection network
is connected on one end to the ac grid thanks to an ac-dc
converter station [28] (Figure 2). The PV network voltage is
1.5 kV, corresponding to the maximum open circuit voltage
of the PV, the PV voltage during production being always less
than 1.2 kV. Multiple dc-dc converter stations are distributed
along the collection network, each interfacing with multiple
PV strings. Each dc-dc converter station includes multiple
boost converters for MPPT and one isolated dc-dc converter
for voltage step-up (Figure 1). Its nominal power is assumed
to be 250 kW, by the power ratings of state-of-the-art PV
inverters [21], [22].

A symmetric monopole line configuration with high-
impedance grounding is selected for the MVdc network.
It offers good robustness to fault events while reducing isola-
tion constraints compared to the asymmetric monopole. The
PV network is ungrounded, offering the possibility to still
operate after a single insulation fault. Because the grounding
schemes differ between PV andMVdc networks, it is required
that the dc-dc converter provides a galvanic separation.

The power flow directionality is one of the major func-
tional differences between the dc-dc converter in dc sys-
tems and the line frequency transformer in ac systems: a
transformer is inherently bidirectional, but a dc-dc converter
can be designed to be either unidirectional or bidirectional.
In the considered MVdc collection network for the photo-
voltaic power plant, there is no need for the dc-dc converter
to provide bidirectional power flow. Moreover, a unidirec-
tional MVdc dc-dc converter is expected to offer a higher
performance-to-cost ratio thanks to the use of diodes on the
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FIGURE 2. Single line diagram of the MVdc collection network for a
photovoltaic power plant.

TABLE 1. Specification of the unidirectional isolated dc-dc converter.

MVside. The use of diodes also avoids issues of power supply
and control of active semiconductor devices on the MV side.
The ac-dc converter in Figure 2 is assumed to be bidirectional,
offering ancillary services to the ac grid (for example reactive
power support).

The MVdc network voltage Vo (Figure 1) is controlled
by the voltage loop of the ac-dc converter station connected to
the ac grid. The control of the dc-dc converter station includes
two functions. The boost MPPTs set the voltage at the PV
buses Vpv to extract maximum power from each PV string.
The isolated dc-dc converter controls its input voltage Vin,
under power disturbances generated byMPPT converters and
MVdc voltage variations.

III. UNIDIRECTIONAL ISOLATED DC–DC CONVERTER
A. TOPOLOGY
A phase-shifted full bridge (PSFB) is considered here for
the isolated unidirectional dc-dc converter. This topology is
composed of a low-voltage inverter, a medium frequency
transformer (MFT), a medium-voltage rectifier, and an output
filter comprising an inductor and a capacitor (Figure 3).
The inverter generates square waveforms, with a shift

between the control signals of each leg. The PSFB is con-
trolled by adjusting the phase shift ϕ between the switches
in the leading leg (Q1, Q2) and those in the lagging leg (Q3,
Q4). This results in the ac waveformVP presented in Figure 4.
The duty cycle D of this waveform, defined between 0 and 1,
is linked to the phase shift by:

D = 1 −
ϕ

180◦
(1)

The PSFB components are chosen following the design
rules given in [29] and [30] for a switching frequency of
20 kHz and minimum power to maintain zero voltage switch-
ing (ZVS) on both legs set at half of the nominal power. SiC

FIGURE 3. PSFB converter circuit diagram including LV inverter, medium
frequency transformer, MV rectifier composed of series connected diodes
with snubbers and output filter.

TABLE 2. PSFB design parameters.

FIGURE 4. Idealized PSFB waveforms, definition of control variables
(Tsw = 1/f).

MOSFET power modules are considered for the input bridge
to comply with the high-efficiency requirement. Because of
the low output current (12.5 A), the rectifier is considered to
be made of discrete through-hole diodes. A series connection
of SiC Schottky diodes of 1.7 kV voltage rating is adopted.
The main design parameters are presented in Table 2. The
main parameters of the magnetic components were estimated
following the procedures described in [31]. Oil insulation is
considered, allowing for a compact design.

B. MODEL
In a first approximation, by neglecting the leakage inductance
of the transformer, a PSFB can be seen as an isolated buck
converter as demonstrated in [11]. From this buck analogy,
we infer the average model presented in Figure 5.
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FIGURE 5. Average model of the PSFB based on buck equivalence.

However, this average model features a control variable
(Deff ) that is not the duty cycle of the primary voltage D,
and therefore cannot be controlled directly. To overcome this
limitation, a series resistor is added to the dc output to rep-
resent the RMS voltage drop across the leakage inductance.
Its expression is derived from the duty cycle loss expression
presented in [32]:

1D =
2mLf f
Vin

(
2Io −

Vo
Lo

(1 − D)
1
2f

)
(2)

wherem is the turns ratio of the transformer, Lf is the leakage
inductance of the transformer, f is the switching frequency,
Vin is the input voltage, Io is the output current, Vo is the out-
put voltage and Lo is the output inductor. From (2), we find:

D = Deff +
4mLf f
Vin

Io +
mLf
Vin

Vo
Lo

(D− 1) (3)

In this expression, as long as Lo is much larger than mLf , the
last term is negligible. If we define the equivalent resistance
according to [33] as:

Rd = 4m2Lf f (4)

then we get:

DmVin ∼= DeffmVin + Rd Io (5)

The conservation of power yields:

Iin = DmIo −
Rd
Vin

I2o (6)

As stated previously the dc-dc converter must regulate its
input voltage Vin. The average model including the equiva-
lent resistance and the control variable D is represented in
Figure 6.

The non-linearmodel is expressed as below,with g the non-
linear function of states x = [Io, Vin] and control input u = D,
and f the function of disturbances d = [Vo, IPV ].

ẋ = g (x, u) + f(d) (7)

[
İo
V̇in

]
=


−
Rd
Lo
Io +

m
Lo
VinD

−
m
Cin

IoD+
Rd
Cin

I2o
Vin

 +

 −
1
Lo
Vo

1
Cin

IPV

 (8)

FIGURE 6. Average model of the PSFB for input voltage regulation.

FIGURE 7. Bode diagram of PSFB transfer function H2, with parameters
from Table 2 and different values of leakage inductance Lf = 5 µH (blue),
Lf = 3 µH (red), Lf = 1 µH (green).

With steady-state values, for VinS set to the voltage reference:

ẋS = f (xS , uS) = 0 (9)

¯IoS =
m ¯VinSDS − Vo

Rd
(10)

DS =
V 2
o + IPVRd ¯VinS
Vom ¯VinS

(11)

The linearization of the system around the operating point
in steady state allows getting the transfer function H2 (s) that
links the input voltage to the duty cycle. This transfer function
(12), as shown at the bottom of the next page, has stable poles
and zeros.

A parametric analysis of the value of the leakage induc-
tance is presented in Figure 7. One can observe the influence
of the leakage inductance value on the damping of the res-
onance (visible for Lf = 1 µH). Indeed, this inductance is
modeled as a resistance on the dc side, damping the CinLo
circuit.

From equation (4) describing this resistance Rd , one can
also understand that the resonance is unlikely to appear for
a high conversion ratio m. Indeed, a high conversion ratio
would coincide with larger leakage inductance because of the
increased insulation distances, ultimately resulting in even
larger Rd .

Figure 8 presents the input voltage as a function of the duty
cycle for the complete range of power and output voltage.
This shows that the design corresponding to the parameter
values in Table 2 is compliant with the specifications from

19042 VOLUME 11, 2023



P. Le Métayer et al.: PSFB for Photovoltaic MVdc Networks

FIGURE 8. Input voltage as a function of duty cycle, for the whole range
of power and the entire output voltage range.

Table 1: the input voltage can always be controlled to 1200 V
with a duty cycle ranging between 0 and 1.

One can observe an important change in the duty cycle
at different powers for different output voltages. This power
limit corresponds to the converter entering discontinuous
conduction mode, as described in [34].

C. CONTROL
The proposed control scheme is compliant with the simplicity
of the unidirectional MV converter. Indeed, the only mea-
sured quantity is the low input voltage and no sensor on the
MV side is necessary.

The closed-loop control system is depicted in Figure 9 with
H2(s) the converter transfer function and Gc the controller
transfer function. One should notice that the error signal
is computed from the measured value minus the reference,
as the duty cycle should be increased, extracting current
from the input capacitor when the input voltage has to be
decreased.

In [35] the authors propose a method to tune a Proportional
Integral controller by setting the closed loop frequency at
25 times the open loop frequency. However, depending on
circuit parameters and the cycle time of the controller, it is not
always possible to include the resonance in the closed-loop
bandwidth. If the open-loop transfer function crosses the zero
gain axis around the resonance frequency shown in Figure 7,
the phase margin will be too small and the control would be
prone to instability.

The PI controller is defined as:

Gc(s) = Kp(1 +
ωI

s
) (13)

with Kp the proportional part and ωI integral part of the PI
controller.

FIGURE 9. PSFB input voltage control diagram, with disturbances
Vo and IPV.

TABLE 3. PI controller parameters for the full-scale converter (section IV)
and for the reduced-scale converter used for experimental validation
(section V).

The proportional gain of the PI controller is obtained
by keeping the maximum of the converter transfer function
below −6 dB (twofold margin). Kp is therefore obtained by:

Kp =

1/
2

max (|H2 (ω)|)
(14)

The integral part of the controller takes the form of a pole
at the origin and a zero at a low frequency.

GI =
s+ ωI

s
(15)

The zero is calculated to allow the gain of the open
loop transfer function to become positive at the crossover
frequency ωc:

ωI = ωC

√
1

(|H2 (ωc)| · KP)2
− 1 (16)

A low crossover frequency ωc is chosen when the transfer
functionH2 exhibits a resonance, so the integral part does not
influence the gain at the resonant frequency. For designs not
exhibiting resonance, the previous equation can still be used,
with controller cycle time as the only restriction on crossover
frequency.

IV. SIMULATION RESULTS
A. DYNAMIC PERFORMANCE
The PI controller on the input voltage is tuned following
the method described in section III. For the design given in
Table 2, the transfer function does not exhibit any resonance.
Thus, the PI parameters can be calculated for a high cut-off
frequency (see Table 3, full scale).

H2 (s) =
Ṽin (s)

D̃ (s)
=

−mV 2
inS

(
mVinSDS − Rd IoS + LoIoS · s

)
(
mVinSDS − Rd IoS

)2
+ Rd

(
CinV 2

inS + LoI2oS

)
· s + CILoV 2

inS · s2
(12)
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FIGURE 10. Simulation of input voltage regulation under step changes of
power and output voltage.

The converter is tested with the two typical disturbances
expected in operation: an input power variation (variation of
IPV ) and an output voltage variation. The results are displayed
in Figure 10. A power step from 0.5 p.u. to 1 p.u. is applied.
The input voltage is regulated, with an overshoot at 1230 V
(2.5%). An output voltage step from nominal to maximum
(1.1 p.u.) is then applied. The input voltage is again regulated,
with an overshoot at 1253 V (4.4%). One should note that
such rapid step variation of power or voltage is not expected
in the real application.

B. FAULT RESPONSE
The downside of having a simple passive rectifier made of
diodes is that no control action can be taken on the MV side
in cases of faults on the network. Once the low-voltage bridge
is blocked, the only elements of the circuit affecting the fault
response are the filter components. The fault response of the
PSFB is studied here and compared to that of a single active
bridge (SAB) [11]. The SAB is comparable to the PSFB,
with the noticeable difference that it only has a capacitor
across its output whereas the PSFB [17] has a capacitor
and inductor. Figure 11 presents the simulated current at the
output of the rectifier after a pole-to-pole fault occurring at
0.04 s at the converter terminals. The diodes of both the PSFB
and the SAB are forward-biased by a negative voltage on
the output capacitor due to the voltage oscillations caused
by the fault current. The absence of a large inductor inside
the circuit of the SAB results in very large currents capable
of destroying the rectifier. For the PSFB, on the contrary,
fault currents barely exceed those encountered during normal
operation, as can be seen in Figure 12. It must be noted that
the output inductor and capacitor interaction in the PSFB
results in output voltage oscillations lasting longer than in the
SAB.

V. EXPERIMENTAL VERIFICATION
A. TEST BENCH
To demonstrate the PSFB topology and control in a PVMVdc
collection network, a reduced-scale system is set up. The test
bench is composed of two dc-dc converters, a DAB and a

FIGURE 11. Rectifier output current during pole-to-pole fault outside
converter for SAB and PSFB.

FIGURE 12. Zoom on fault instant and PSFB current.

PSFB in a back-to-back configuration, with a dc power sup-
ply compensating for the losses of both converters (Figure 13
and Figure 14). The test bench is controlled and monitored by
a Speedgoat real-time target and programmed throughMatlab
Simulink Real-Time using rapid control prototyping (RCP).
The converter design was detailed in [36].

In this setup, the DAB acts as the MPPT by regulating its
output power, while the dc power supply represents theMVdc
network and sets the PSFB output voltage. The PSFB control
regulates its input voltage, ensuring the power transfer from
the DAB (MPPT) to the dc power supply (MVdc network).

Figure 15 presents the implementation of the PSFB con-
verter. Because of the low voltage output of this reduced-scale
demonstration (600 V), there is no need for series-connected
diodes in the rectifier bridge. As a result, the PSFB rectifier
snubber is implemented using a single RCD snubber across
the output [37] instead of multiple discrete snubbers, one for
each diode. This implementation differs from the rectifier
with series-connected diodes presented in section III but the
experimental verification of the topology and control remains
valid. Components values of the test bench converter are
summarized in Table 4.
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FIGURE 13. Test bench set-up block diagram including the DAB, PSFB and
dc power supply, with the PV MVdc collection network equivalents (MPPT,
PSFB unidirectional isolated dc-dc converter and MVdc network).

FIGURE 14. Test bench set-up.

FIGURE 15. Test bench PSFB implementation, with output RCD snubber.

TABLE 4. PSFB test bench components.

A second set-up is used for experiments regarding the
response to faults. The PSFB input is supplied by the
dc power source and its output is connected to a short-
circuiting switch (Figure 16). A 1 kW load is connected
to ensure proper converter operation before the short circuit
instant.

FIGURE 16. Test bench set-up for short-circuit tests.

FIGURE 17. Bode diagram of open loop transfer function of controlled
system for reduced scale converter tuned for a cut-off frequency of 50 Hz
with gains from Table 3 (reduced scale) and parameters from Table 4,
with gain margin Gm and phase margin Pm.

B. DYNAMIC PERFORMANCE
The PI regulator on the input voltage is tuned following the
method described in section III for the parameters given in
Table 4. For these values, the transfer function exhibits a
pronounced resonance at 1520 Hz (Figure 17). Thus, a slow
controller with low ωC is chosen (cut-off frequency 50 Hz) to
ensure sufficient phase-margin (see Table 3, reduced scale).
It is seen in Figure 17 that the gain margin Gm is infinite in
this case as the phase never reaches−180◦. The phase margin
Pm= 103◦ is largely sufficient to ensure stability. One can see
that it is possible to increase the cut-off frequency to a value
closer to the resonance. However, in case the real resonant
frequency was lower, then the phase margin would be too low
and the control would be prone to instabilities.

The control performances of the converter are evaluated in
the occurrence of realistic power and output voltage varia-
tions: solar irradiance measurements are taken from [38] and
scaled to the test bench power. The high sampling rate of
these data (up to 1 ms) enables a good reproduction of real
PV dynamics. This power profile is reproduced by the DAB
converter which regulates the power in the back-to-back con-
figuration andmimics theMPPT in the target application. The
dc supply voltage is also changed arbitrarily throughout the
test. This represents voltage variations in the MVdc network.
Experimental results are shown in Figure 18.
One should note that this experimental validation is con-

sidered the worst case in terms of control compared to the
full-scale system. Indeed, the presence of a non-damped reso-
nance in the system results in the tuning of the controller with

VOLUME 11, 2023 19045



P. Le Métayer et al.: PSFB for Photovoltaic MVdc Networks

FIGURE 18. Experimental waveforms: a) Input voltage Vin regulated
to 350 V, input current Iin following the PV profile for maximum power of
30 kW, output voltage Vout = 600 V with step variations in the range
±10 % of output voltage, output current Iout . b) Zoom on input current
change from 30 A to 80 A. c) Zoom on output voltage change from 540 V
to 660 V.

FIGURE 19. Experimental waveforms of output capacitor voltage and
rectifier output current of PSFB (blue) and SAB (red) after an output
short-circuit at 800 V.

a low cut-off frequency, which translates to a slow response
of the controller. Yet, it is observed that the input voltage
is regulated to the target value of 350 V during the whole
test with a maximum deviation of 5% when faced with an

output voltage variation of ±10% at 400 V/s together with an
input power varying from 6 to 30 kW with a time dynamic
which replicates a day with a very variable irradiance. The
regulation of the input voltage under these variations of input
power and output voltage shows the reliability of the control
for a wide variety of operating points.

C. RESPONSE TO FAULT
The fault response of the PSFB and SAB converters is tested
by creating a low resistance (20 m�) short-circuit at output
terminals as shown in Figure 16. Experimental results are
presented in Figure 19.

The output voltage is controlled at 800 V for the PSFB
and 200 V for the SAB before closing the short-circuiting
switch. The primary bridge is stopped shorty (≈50µs) after
the fault is declared for the primary bridge not to contribute
to the short-circuit current. The test voltage of the SAB was
reduced to 200 V to avoid any damage to the rectifier bridge.
In Figure 19 the voltage and current of the SAB are scaled
to 800 V.

Experimental results show the same phenomenon as pre-
sented in section IV-B. The peak value of the SAB rectifier
output current is 4.8 kA for an output voltage of 800 V.
The current decreases back to 0 A in 1.2 ms. Designing the
rectifier for withstanding such an event would result in the
use of largely overrated diodes.

VI. CONCLUSION
A unidirectional, isolated, dc-dc converter is analyzed in the
scope of an MVdc collection network for photovoltaic power
plants. The converter topology is based on the arrangement
of multiple boost converters for maximum power point track-
ing and one phase-shifted full bridge converter for voltage
step-up and galvanic isolation. The unidirectional structure
is considered beneficial in terms of cost and simplicity of
implementation. A design of the PSFB converter is realized
at 250 kW and 1.2 kV / 20 kV, to fulfill the requirements of
the target application. A PSFB converter model is developed
and a control scheme is proposed to regulate the LV input
voltage required by the application. The LV input voltage
control is realized by taking into account the effect of the
transformer leakage inductance and with inputs only from LV
side sensors. The PSFB exhibits low fault currents without
any active control, a very interesting feature compared with
converters having a purely capacitive output filter. A reduced
scale prototype (30 kW power, 350 V / 600 V input/output
voltage, and a 20 kHz switching frequency) is developed to
validate the PSFB converter topology and control. It is tested
under a real PV power profile, demonstrating the ability of the
converter to meet the operational requirements of the MVdc
collection network. The experimental results fit well the sim-
ulations, proving the accuracy of the proposed design and
modeling. The fault behavior of PSFB and SAB converters
are validated in the experiment, showing the benefits of the
output inductor for the protection of the diode bridge in case
of an MVdc network fault.
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