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Abstract

The energy of Photovoltaic (PV) modules can be connected to DC grid with high step-up ratio power electronics converters.
Generally, two-stage isolated boost-based converters are used for this purpose. However, these types of converters consist
of a high number of semiconductors which must withstand high voltage levels, and they utilize input inductance which has
high value and large magnetic core size. To solve these problems, single-stage conversion-based Hybrid Current Modulated
(HCM) isolated Dual Active Bridge (DAB) converter is proposed in the literature. However, this converter is designed for
considering partial shading (PS), and PS rarely occurs in PV farms. In this study, the design methodology of DAB PV DC/DC
converter is given for uniform irradiation (Ul) conditions that is more suitable for PV farms. In addition, Ul and PS designs
of HCM DAB PV DC/DC converter are compared to each other. Analyses show that Ul-based design has 3.88% smaller RMS?
current, 3.56% smaller peak current and 2.35% smaller core size than the PS-based design. Hence, Ul-based design can be
more efficient, cheaper, and smaller in size.

Keywords: DAB converter, Hybrid current modulation (HCM), Photovoltaic (PV) energy conversion, Uniform Irradiation
(UI) conditions

UNIFORM ISINIM KOSULLARI iCiN BiR HiBRIT AKIM MODULASYONLU CiFT
AKTIF KOPRU FOTOVOLTAIK DC/DC DONUSTURUCUNUN ANALIZI

Ozet

Fotovoltaik (PV) modiillerin enerjisi yiiksek déniisiim oranli gii¢ elektronigi déniistiiriictileri ile DC sebekeye baglanabilir.
Genellikle bu amag i¢in iki-asamali izoleli boost-tabanli dontistiirticiiler kullanilmaktadir. Fakat bu tipteki déniistiiriiciiler,
yiiksek gerilim seviyelerine dayanmasi gereken yiiksek sayida yari-iletken anahtar icermekte ve yliksek endiiktans degerine
sahip biiytik manyetik niive boyutlu giris bobini kullanmaktadir. Bu problemleri ¢ozmek icin, tek-asamalr hibrit akim
modiilasyonlu cift aktif képrii (DAB) izoleli déniistiiriicti literatiirde énerilmistir. Fakat bu doniistiirticii kismi gélgeleme
(PS) dikkate alinarak tasarlanmistir ve PS PV tarlalarinda nadiren olusmaktadir. Bu ¢alismada, DAB PV DC/DC
doniistiirticiin PV tarla ¢alismalarinda daha uygun olan iiniform isinim (UI) kosullari icin tasarim metodolojisi verilmigtir.
Ek olarak, HCM DAB PV DC/DC doniistiiriictiniin Ul ve PS’ye ait tasarimlari birbiri ile karsilastirilmistir. Analizler
gostermektedir ki Ul-tabanli tasarim PS-tabanli tasarima gére %3.88 daha kiiciik RMS?akim, %3.56 daha kiictik tepe
akimi, %2.35 daha kiiciik niive boyutuna sahiptir. Dolayisi ile Ul-tabanli tasarim daha verimli, daha ucuz ve boyut agisindan
daha kiictik olabilir.

Anahtar Kelimeler: Cift aktif koprii (DAB) doniistiiriicii, hibrit akim modiilasyonu (HCM), Fotovoltaik (PV) enerji doniisiimii,
Uniform 1s1n1m kosullari
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PV systems can be connected to the grid or operate
stand-alone. Stand-alone systems require heavy and
expensive battery systems, so 99% of PV systems are
installed as AC or DC grid-connected [2]. Since PV output
is DC, DC grid connection can be more efficient while the
required conversion stages are decreased [3].

1. Introduction

Due to modularity of Photovoltaic (PV) modules, it can be
used in small power roof-top or utility scale systems.
Therefore, the installed PV energy capacity in 2027 is
expected to be the largest renewable energy system
among other renewables [1].
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PV modules can be connected to the grid with central,
string or module integrated converters [4]. In string and
central converters, serial and parallel connections of PV
modules are utilized. Hence, they do not serve good
performance under mismatch losses of PV modules and
non-uniform irradiation conditions [5]. Since module
integrated converters can harvest maximum energy of
each module, they can be more efficient [6].

Module integrated converters are generally designed as
isolated. Isolated converters consist of high frequency
operated transformer, in return they can have high step-
up ratio [7]. In literature, Boost Full-Bridge Isolated
Converters (BFBIC) [8] and resonant behavior-based
converters [9] are popular. However, BFBIC has some
issues such as hard switching, high number of
semiconductors because of two-stage conversion, and
large magnetic core size for input inductance. Moreover,
resonant converters have complex control methods
which need adjusting switching frequency accurately
and have high peak and RMS currents because of the
resonance behavior.

Dual Active Bridge (DAB) converter [10], serves soft
switching by using the leakage inductance’s energy and
switches are exposed only input or output voltage levels.
Numerous modulation methods [10]-[13] are proposed
for modulating the current of DAB converters. Among
them, Discontinuous Conduction Mode (DCM) based,
hybrid current modulation (HCM) [11] can bring the
advantages of smaller magnetic components, low EMI,
easy control, and high step-up ratio.

In [14], HCM DAB PV DC/DC converter is proposed.
However, in this study, Partial Shading (PS) was taken
into consideration which can happen especially for roof-
top PV modules. In this design, the converter was
designed under the consideration of wide input voltage
range. Hence, it can have higher RMS/peak currents and
magnetic core size. On the other hand, PS rarely occurs
for the PV modules in PV farms, and annual energy loss
from PS is reported between 3%-6% [15]. Therefore,
designing a PV converter considering uniform irradiation
(UI) conditions can be more effective for PV farms.

In this study, the design method of HCM DAB PV DC/DC
converter is given for Ul conditions, and its performance
evaluated versus the design of PS case.

The rest of the paper is organized as follows. In the next
section, PV module’s characteristic is presented. The
operation modes and design strategy of HCM DAB DC/DC
converter are given Section 3. Comparison of designs for
Ul and PS cases are served in Section 4. Finally, section 5
concludes the paper.

2. Analysis of PV Module’s Characteristic under
Uniform Irradiation Conditions
PV cells are connected serially to produce PV modules,
and they can be modelled with single-diode electrical
equivalent PV cell model which is given in Fig. 1. The
voltage-current relationship of a cell [16] can be written
as,

83

Id* | Rs +
5

ph

Figure 1. Single-diode electrical equivalent model for a
PV cell.

Table 1.CS6P-250M PV Module Parameters under the
test conditions of 1000 W/m?2, 25°C, and air mass 1.5.

Parameters Values
Maximum output power, Pm [W] 250
Open circuit voltage, Voc [V] 37.5
Short circuit current, /sc [A] 8.74
Voltage at maximum power, Vm [V] 30.4
Current at maximum power, Im [A] 8.22

Number of series connected cells, Ns 60

Temperature coef. for Is, ai 0.06 %/°C
Photocurrent, /ph [A] 8.74
Saturation current of the diode, /s [A] | 2.353x1071°
Modif. diode ideality factor, a 1.54

Total series resistance, Rs [Q] 0.282

Total parallel resistance, Ry [Q] 257.75

Vcell‘”celle)

Veeu + LeeuR
Icellzlzm—ls(e( a 1)—M(1
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Where Iph and Is are photocurrent and diode saturation
current, respectively. In addition, the cell parameters are
given as follows: Veen is the cell voltage, Icen is cell current,
Rs is the series resistance, Ry is the parallel resistance.
Moreover, a is the modified diode ideality factor which
can be calculated by a = AkT.Ng/q. A is the diode
ideality factor, k Boltzmann constant (1.380649x10-23
J-K-1), q is the electron charge (1.602176634x10-19 C),
Tc is the temperature of cell in Kelvin and Ns is the
number of serially connected cells.

The Iph and Is are dependent on operating temperature of
the cell Tc and cell temperature under Standard Test
Conditions (STC) Testc [16].

G
-~ (Isc,stc +a; (Tc - Tc,stc)) (2)

Gstc
3 E E,
T, (1 M__g)
I. =1 < ¢ e k(Tc,stc TC)
N s,stc T
¢,stc

where G is irradiance (W/m?2) on the PV module, ai is the
short circuit current’s temperature coefficient. Iscstc and
Isstc are the short circuit current and the saturation
current of the diode under STC, respectively. E; is the
band gap energy, and Egstc is the band gap energy under
STC (1.6 eV). On the other hand, Eg also depends on the
temperature, and its relationship is given below [17].

Ey = Eg5tc(1 —0.0002677(T, — T¢ 5¢c)) (4)

Iph =

(3)
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Figure 2. MPP voltage-current points under random
irradiation conditions for three groups (Partial shading

case) [14].
1.2 T T
Klsc @STC

o 1

’_

®

8 0.8f

L8

o 0.6f

@

N

©

E 04}

<]

£

~EFo.2f

0 . .
0 0.2 0.4 0.6 0.8 1 12
Vm (normalized to VOc @STC)

Figure 3. MPP voltage-current points under uniform
irradiation conditions.

The temperature of the cell can be predicted by using the
ambient temperature Ta, and Nominal Operating Cell
Temperature NOCT, which is given in producer’s
datasheets, such as [18],

G
T. =T, + (NOCT — 20) 800 (5)
In this study, parameters of CS6P-250M PV module,
which are listed in Table 1, are used in analyses and
simulations. This PV module has serially connected 60
cells. These cells are grouped in three group (seen in Fig.
4), and each group has an anti-parallel diode to prevent
PV module from hot spots under partial shading. In [14],
random irradiation levels for each group are used for
calculating maximum voltage-current points, and result
is given in Fig. 2. In this case, partial shading occurs and
Maximum Power Point (MPP) voltage scatters in a wide
range such as between 0.22 times to 1.02 times of open
circuit voltage at STC Voc,ste. However, in a PV farm this
situation rarely occurs [15]. Hence, using uniform
irradiation in analysis for each group can be more
accurate for PV farm cases. When 105 random irradiation
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Figure 4. HCM DAB PV DC/DC converter.
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Figure 5. [llustration of four distinct operation Modes.

values from 0 W/m? to 1000 W/m?2 and random ambient
temperature values from -25 9C to +50 °C are used, the
MPP current-voltage points are obtained as given in
Fig.3. The minimum MPP voltage is 20V and maximum
MPP voltage is 38.25 V is obtained. On the other hand,
maximum MPP current is always smaller than Iscstc.
Hence, in this paper these criteria are used.

3. HCM DAB PV DC/DC Converter
PV module integration to DC grid with hybrid current
modulated DAB DC/DC converter is shown in Fig. 4.
Hybrid current modulation uses triangular (TRM) and
trapezoidal (TZM) current modulations in proper voltage
regions to decrease the RMS current of the transformer’s
primary side.
The TRM is a version of TZM, and it doesn’t have Mode 3.
The four distinct operation modes for the positive half of
switching cycle are described below, and for the negative
switching cycle turned-on/off switches are given in
brackets. Moreover, important voltage-current
waveforms of modes are shown in Fig.5, and current-
voltage values during these modes are summarized
below:
Mode 1 [to<t<ti]: Because of the DCM operation, the
leakage inductance’s current is zero at to. When the
switches of 51, S4 and Ss (S2, S3 and Se) are turned on, the
current of leakage inductance increases as follows,

() = 2t (©)
k
where Vpy is the PV module’s MPP voltage and Lk is the
leakage inductance’s value.
Mode 2 [ti<t<tz]: In this mode, energy is taken from PV
and delivered to DC grid at the same time. At time ¢, the
S5 (Se) is turned off and Dr1 (Dr2) starts freewheeling the
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current. The current equation can be written as:

- anc grid
- 7
o (7

Where Vicgria is the voltage of DC grid and n is the
transformer’s turn ratio. As can be interpreted from (7),
the current can increase or decrease during this mode
which depends on the input and reflected output voltage
values. If the current slope is negative, and when it
reaches zero Mode 3 will not exist.

Mode 3 [t2<t<t3]: At the instant ¢tz the S1 (S2) is turned
off and S2’s diode D2 (S1’s diode D1) starts conducting the
current. Hence, the current of the leakage inductance
decreases during this mode as follows,

. . Vov
() = i (ty) + t—t1)

. . —NVyc grid

iuk(®) = iut) + — = (- 1) (8)
Mode 4 [t3<t<Ts/2]: Atthe end of Mode 3 (at the instant
t3), the leakage inductance’s current falls to zero, and

stays at zero during Mode 4.

When the current taken from PV module is calculated by
using the average currents of Mode 1 and Mode 2, (9) can
be obtained.

D} 5
Ipv = kas (V;Jv -m; anc,grid) (9)
In this equation, Dn is the duty cycle of hybrid current
modulation and mi is the modulation index. These
parameters are defined as follows,
Dh = D1 + Dz (10)
D 11
m; = D, (11)

Where D1 and D: are the duty ratios of Mode 1 and Mode
2, respectively. To guarantee DCM operation, maximum
duty cycle value can be calculated by the help of
D1+D2+D3<=1. In addition, D3 (duty of Mode 3) can be
expressed by using (6), (7), and (8) as follows,

D3 = Dyp(4 —my) (12)

By using (10), (11) and (12), maximum duty ratio can be
found as,

In addition, Dh must be <1, so mi must be <A (from (13)).
In addition, when mi equals to A, Mode 3 will not exist and
TRM operation will be obtained.

The converter can operate with different mi and Dy pairs.
These parameters also determine the required leakage
inductance value. Operating with maximum duty value
Dy, minimizes the RMS currents [14]. Since conduction
losses and switching losses (due to increase of peak
currents) depends on RMS currents, minimizing the RMS
currents will decrease the total loss. Hence, in this paper,
RMS current minimization way is exploited for
determining the proper parameters of n, Lk and mi.

(13) and maximum PV current Isstc is used in (9), the
calculated mj value can be written as follows,
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Where x, y and z are defined as,

x = Ve gria (15)
Y=V (16)
z = 4Isc,stchf:9 (17)

The optimum m; value equals to micalc, and its maximum
limits are micalc<A and Micaie<1 from (13) and (11).

4. Comparison of UI and PS-Based Designs of HCM
DAB PV DC/DC Converter

The Genetic Algorithm (GA) is used to find optimum
operation point (the pair of n and Lx) which gives
minimum average RMS? current. For this reason (6)-
(17), and the MPP data which are given in Fig. 2 and Fig.
3 are used. The average RMS2 current affects conduction
losses and its (18) chosen as the cost function as follows,
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Where k is the number of random temperature-
irradiation pairs. By wusing 105 irradiation and
temperature values, the (18) is minimized by GA and the
results are given in Fig. 6. Minimum RMS? values of both
operation is marked on with star (for PS) and square (for
UI) in this figure. Optimum n values are 0.08 and 0.085
for PS and Ul-based designs, respectively. These n values
are used for further comparisons.

In Fig. 7, optimum Lk values versus n are given. At
optimum n values, 3.5 pH and 3.33 pH inductance values
are found for PS and Ul-based designs, respectively.

Since designers chose semiconductor switches with the
knowledge of maximum RMS and peak currents, Fig. 8
and Fig. 9 are drawn. At optimum n values, Ul-based
design has 3.56% smaller maximum peak current and
3.88% smaller RMS? current than PS-based design.

The optimum mi value versus PV voltage graph is given
for PS and Ul-based designs in Fig. 10. Since, PS-based
design operates also at small input voltages, the graph
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Table 2. Five different operation scenarios for the

comparison.
Case Irradi- Cell Vimpp Impp
Number ation Temp. [V] [A]
[W/m?] [°C]
1 1000, Ul 6.25 33.15 8.25
2 1000, Ul 25 30.4 8.22
3 800, Ul 45 28 6.66
4 916, Ul 66.62 25 7.62
5 1000, 25 20.26 8.22
1000,
0

was drawn from 8.25 V. On the other hand, Ul-based
design utilizes slightly smaller mi values than PS-based
design.

The magnetic core size can be another important
parameter for comparison. An approach to define the
minimum core size of the transformer is given in [19] as
follows,

p(anc,gn‘d tap/z)zltzot (19)
AB?K,P,,

In this equation, AB is the peak value of the flux density,

108(cm®)

Ky 2
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Table 3. Peak and RMS current of PS and Ul-based
designs for four different irradiation and cell
temperature cases.

Case Ipeak [A] Irms[A]
Number
PS Ul PS Ul
1 13.71 | 11.20 | 9.98 9.37
2 10.40 | 1191 | 9.36 9.10
3 11.24 | 12.71 | 7.80 7.80
4 14.32 | 16.31 | 8.73 9.08
5 17.85 | 19.27 | 9.90 | 10.25

1.5

#* PS-based design
o0 Ul-based design

-
T

RMS Current (pu)
o
o

0
20 25 30 35

40
va (V)
Figure 12. RMS currents versus PV voltage for 105

random irradiations-temperatures of Ul (current
normalized to Iscstc).

tap is the time duration of applied voltage to the
transformer’s winding, ot is total RMS current of
windings which is reflected to the primary winding, and
Pcu is the total copper loss. If (19) is calculated with the
values of p=1.72*10¢ acm, Pw= 4 W, AB=35 mT and
Ku=0.5, the Fig. 11 is obtained. Minimum core sizes are
calculated as 0.51 cm5 and 0.498 cm? for PS-based and
Ul-based designs, respectively. Hence Ul-based design
can utilize a smaller core size.

In order to validate analysis, PSIM® simulations were
performed. For this aim, five irradiation-temperature
cases were chosen, and they are listed in Table 2. The first
four of them are for Ul, and the last one is for PS. Under
these cases, measured peak currents and primary RMS
currents were tabulated in Table 3. It can be seen from
this table that Ul-based design has smaller RMS currents
than PS-based design at higher voltages (228 V). In
addition, this result can also be proven with the
calculations which are given in Fig. 12 for 105 data (data
which are used for Ul conditions).

On the other hand, RMS current of the Ul-based design
can be interpreted high when only Table 3 is thought.
However, in this table, maximum peak current case of PS-
based design (18.81 A) is not given, which occurs at 16.46
V. In this voltage level, Ul-based design doesn’t work.
For case number 2, which is STC’s case, current shapes of
leakage inductances are taken from PSIM, and they are
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Figure 13. Current shapes of leakage inductances for PS
and Ul-based design under STC’s irradiation and cell
temperature (fs=50 kHZ, Vic,gria=380 V).

given in Fig. 13. Although peak current of Ul-based design
is higher, the RMS?2 current of Ul-based design is 5.47%
smaller than PS-based design (as seen in Table 3) for STC.

5. Conclusions

In this paper, HCM DAB PV DC/DC converter is analyzed,
and a design method was presented for uniform irradiation
conditions.  Analyses show that Ul-based design
methodology utilizes smaller leakage inductance value and
higher turn ratio. With the help of this, it can decrease the
maximum value of primary RMS? current by 3.88%,
maximum peak current by 3.56%, and minimum required
core size by 2.35%. When the module integrated converters
are used in PV farms, where partial shading rarely occurs,
Ul-based design of HCM DAB PV DC/DC converter can be
more suitable than partial shading design. In addition, RMS?
current advantage of the Ul-based design becomes more
effective when PV module operates vicinity of STC’s MPP
voltage and at higher input voltage values (>28V).

On the other hand, since Ul-based design utilizes minimum
MPP voltage value as 20 V, it can also operate under slightly
partial shading conditions.
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