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Abstract—This paper proposes a grid-tied photovoltaic (PV)
system consisting of modular current-fed dual-active-bridge (CF-
DAB) dc—dc converter with cascaded multilevel inverter. The pro-
posed converter allows a small dc-link capacitor in the three-phase
wye-connected PV system; therefore, the system reliability can be
improved by replacing electrolytic capacitors with film capacitors.
The low-frequency ripple-free maximum power point tracking
(MPPT) is also realized in the proposed converter. First of all, to
minimize the influence resulting from reduced capacitance, a dc-
link voltage synchronizing control is developed. Then, a detailed
design of power mitigation control based on CF-DAB dynamic
model is presented to prevent the large low-frequency voltage vari-
ation propagating from the dc-link to PV side. Finally, a novel
variable step-size MPPT algorithm is proposed to ensure not only
high MPPT efficiency, but also fast maximum power extraction
under rapid irradiation change. A downscaled 5-kW PV converter
module with a small dc-link capacitor was built in the laboratory
with the proposed control and MPPT algorithm, and experimental
results are given to validate the converter performance.

Index Terms—Current-fed dual-active-bridge (CF-DAB), high-
frequency link (HFL), low-frequency ripple, maximum power
point tracking (MPPT), small dc-link capacitor.

|. INTRODUCTION

HOTOVOLTAIC (PV) energy has become one of the most
popular sustainable energy sources nowadays [1]. Due to
continuous cost reduction and government incentives, the in-
stallation of grid-integrated PV system has grown rapidly in
the past few years[2]. Asapromising topology for grid-tied PV
system, the cascaded multilevel inverter (CMI) has many advan-
tages, such as modularity, high ac voltage application with low
devicerating, low harmonic spectraand low electromagneticin-
terference, etc. [3], [4]. In addition, distributed maximum power
point tracking (MPPT) terminal for segmented PV arrays can
be achieved by aCMI PV converter [5], [6].
In MW-scale high-voltage grid-tied PV systems, galvaniciso-
lation between the PV panel and the grid is required to prevent
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electric shock on PV panel due to insulation damage and to
suppress leakage current. Hence, compared to single-stage CM|
converter, the cascaded multilevel inverter integrated with high-
frequency-link (HFL)-based dc—dc converters has advantage of
providing galvanic isolation between the PV panel and the grid
without using bulky line-frequency transformer. However, in a
three-phase wye-connected CMI PV system with dc—dc stage,
electrolytic capacitors are used asthe dc-link energy buffers be-
tween dc—dc stage and inverter stage to provide the double-line-
frequency (2w) power to the grid [7]. Though €electrolytic ca-
pacitor has high capacitance density, it has been considered asa
particularly unreliable component, which ison average 30 times
less reliable than nonelectrolytic capacitor under identical con-
ditions [8], [9]. Therefore, capacitance reduction is highly de-
sirable in order to achieve high reliability with nonelectrolytic
film capacitor [10]{12], especially for the high-voltage CMI PV
system. Nonetheless, the small dc-link capacitance will make
the converter suffer from large 2w voltage ripple on the de-link.
If this voltage ripple propagates to the PV side, it will deterio-
rate the MPPT performance and decrease the MPPT efficiency
[13]-{15]. To solve this issue, current-fed isolated dc—dc con-
verters have inherent advantages over the voltage-fed types be-
cause the input current of current-fed converter can be con-
trolled directly, and thus, it is possible to eliminate the input
low-frequency power ripple in the PV side by specia designed
current control.

Several isolated current-fed dc—dc converters have been stud-
ied for various applications [16]-{22]. Jiang et al. [16] have
proposed a current-fed boost-hal f-bridge PV microinverter; due
to the high reverse recovery loss of the diodes at transformer
secondary side, the switching frequency is relatively low. To
alleviate the loss on the diodes, aresonant operating mode with
ZCS condition based on the same topology is proposed in [17].
Nonetheless, the dc-link capacitor is still large and the lower
switch suffers from hard switching of high peak current. The
current-fed full-bridge converters are suitable for high-power
applications[18], however, start-up circuits are needed sincethe
duty cycle can never be smaller than 0.5. Active clamp circuits
are usually adopted to extend the duty-cycle range as well as
enable ZV S operating [19], [20]. In[21], athree-phase current-
fed dual-active-bridge (CF-DAB3) converter is proposed for
PV application on adc distributed system. Although it has high
power capability, the converter faces phase current unbalanc-
ing issues. The current-fed dual-half-bridge (CF-DHB) con-
verter with small dc-link capacitor for fuel cell applications has
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Fig. 1.

been proposed by authors in [22], and the input low-frequency
ripple current is successfully mitigated by applying direct feed-
back compensation in the phase-shift control. Unfortunately,
the half-bridge topology will suffer from unbalanced capacitor
voltageif theduty cycleisnot 0.5. Moreover, low-frequency res-
onance may occur between the reduced dc-link capacitor and
transformer magnetic inductor, resulting in large transformer
current.

This paper proposes a grid-tied CMI PV system based on a
current-fed dual-active-bridge (CF-DAB) dc—dc converter that
enables using small film capacitors. A dc-link voltage synchro-
nizing control, i.e.,“d = 1" control, isapplied to reduce the high
current stressand consequent lossin the converter resulting from
unbalanced dc-link voltage between primary side and secondary
side of the transformer [23]. With low-frequency power miti-
gation control, the 2w ripple on the input PV voltage can be
greatly attenuated. Therefore, low-frequency ripple-free power
can be extracted from the PV array. Furthermore, other char-
acteristics such as the inherent zero-voltage switching (ZVS),
high step-up ratio, interleaved structure, and wide input volt-
age capability make CF-DAB converter very suitable for PV
applications. Therefore, the proposed CF-DAB-based CMI PV
converter isan optimal candidate for MW-scale PV systems.

To achieve maximum solar energy harvest, the MPPT strat-
egy should satisfy both high steady-state MPPT efficiency and
fast MPPT. Among numerical MPPT methods, the variabl e step-
sizeincremental conductance (INC) method is attractive due to
its advantages in compromising steady-state MPPT efficiency
and transient tracking speed [24]-{26]. The variabl e step-size of
INC isaccurate at steady state, but the dynamic of the MPPT is
not good mainly due to the degression of the iteration step size
[25]. A modified variable step-size INC MPPT with an adap-
tive scaling factor is utilized in [26] to improve tracking speed

Phase b Phase ¢

Grid-tied cascaded multilevel PV inverter system based on CF-DAB dc-dc converters.

during the transient. However, this modification increases the
computational burden and still may have MPPT failure during
rapidirradiation change[24]. Inthis paper, thevariable step-size
INC MPPT agorithm isimproved in several aspects. First, the
PV voltage is kept unchanged during rapid irradiation changeto
avoid possible failure of MPPT. Second, a maximum step size
is adapted right after the short transient, and when approaching
the new maximum power point (MPP), variable step size with
an adaptive scaling factor related to PV power is adopted for
fast tracking.

Therest of this paper isorganized asfollows. In Section 11, a
CF-DAB module-based MW-scale grid-tied CMI PV system is
introduced and the corresponding | ow-frequency ripple power is
analyzed. In Section |11, a detailed low-frequency ripple power
mitigation control aswell as synchronizing dc-link voltage con-
trol is proposed. An MPPT strategy that is able to achieve both
high steady-state efficiency and fast tracking speed under rapid
irradiation change is also presented. A downscaled 5-kW mod-
ule of the proposed PV system has been built in the laboratory,
and experimental verifications are given in Section IV. Finally,
Section V summarizes the conclusions.

II. SYSTEM CONFIGURATION AND LOW-FREQUENCY
RIPPLE POWER

Fig. 1 presents the system configuration of a proposed MW-
scale grid-tied PV system with CF-DAB dc—dc converters[5]. It
consistsof i cascaded multilevel inverter modulesfor each phase
and each inverter module is connected to j cascaded CF-DAB
converter modules. Compared with traditional PV systems, this
system shows many advantages. Because of the high-frequency
isolated dc—dc converters, the PV system can be directly con-
nected to the high-voltage ac grid without bulky line-frequency
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Fig. 2. Low-frequency ripple effect on the MPPT.

transformer, and the converter output voltage is scalable due to
the modular structure. Each dc—dc module is interfaced with
segmented PV arrays having independent MPPT; therefore, the
solar energy harvesting can be maximized. Moreover, flexible
control strategies are able to be explored and applied in this
topology. By using the reactive power compensation and op-
timization strategy in [6], the proposed converter can reduce
the over modulation of the PV inverter output voltage caused
by unsymmetrical active power generation from PV arrays, and
thus, improve the system power quality and reliability. In addi-
tion, due to the isolated CF-DAB converter, the ground leakage
current is effectively suppressed. Particularly, this converter can
reduce the dc-link capacitance and enable film capacitor im-
plementation by allowing large voltage ripple on the dc-link;
hence, the PV system reliability is greatly improved.

The dc-link capacitanceis mainly determined by the allowed
voltage ripple on the dc-link in specific system. For the PV
system in Fig. 1, the instantaneous power flow through each
phaseleg contains 2w fluctuating power. Thedc-link capacitance
required to buffer the energy can be calculated by (1) asderived
in[23].

Sip

Cvdcla e e —
ng‘/d(:la ‘/d(:la

D
where S, is the apparent output power flow through the single
phase leg, w, isline frequency, V.1, and AVqei, arethe aver-
age voltage and the allowed peak-to-peak ripple voltage on the
dc-link, respectively.

Asillustrated in (1), the required dc-link capacitance is in-
versely proportional to the de-link voltage and the allowed volt-
age ripple. With selected bus voltage, small capacitance will
result in large voltage ripple on the capacitor. This large low-
frequency voltage ripple on the dc-link imposes challenges on
the PV system operation, especially on the dc—dc stage. Therip-
ple significantly increases the peak current inside the CF-DAB
converter module if unbal anced bus voltage occurs between pri-
mary side and secondary side [27]. Moreover, this large 2w
voltage ripple can decrease the MPPT efficiency if it propagates
to PV side. Fig. 2 illustrates how the low-frequency voltage
ripple affects the PV power generation. It can be seen that the
PV output power will be typically diminished from the maxi-
mum power at (Viupp, Impp) if the PV voltage or current has
low-frequency ripple. As mentioned in [14], the voltage ripple
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should be kept below 8.5% to get 98% utilization factor of PV
array. With the CF-DAB dc—dc converter interface adopted in
this paper, the low-frequency voltage ripple can be effectively
attenuated in the PV side through the power mitigation control
discussed in the Section |11, thus large voltage ripple on dc-link
is alowed without influence on the PV power.

With low-frequency ripple-free PV voltage, high effective
MPPT become possible. Using the autonomous variable step-
size MPPT strategy proposed in Section 11, the proposed PV
system can achieve high efficient MPPT in steady state and fast
tracking under rapid irradiation change.

In this paper, the application scenario is a 3-MW/12-kV PV
system. The CMI module number i is selected to be 4, consider-
ing the tradeoffs among the cost, lifetime, passive components,
switching devices, and frequency selection. As a result, power
rating of each inverter module is 250 kW. The dc-link voltage
of each inverter module is 3 kV based on grid voltage, power
devices selection as well as power quality. The switching fre-
guency of inverter stage is 5 kHz, and the PV inverter will gen-
erate nine-level output voltage with equivalent 40-kHz PWM
frequency for each phase using phase-shift carrier-based PWM
control. Thelinefiltering inductanceis0.8 mH. Asfor thedc—dc
converter modules, four CF-DAB modules are in series, where
each module has a power rating of 62.5 kW and dc-link voltage
of 750 V. The 2w voltage ripple on the dc-link is allowed to be
30% of dc-link voltage at rated power, resulting in a 250 uF
total capacitance requirement for Cy.1,. The low capacitance
makes it possible for film capacitor implementation to improve
the system lifetime. The switching frequency for dc—dc stageis
50 kHz. The leakage inductor L, isdesigned at 2 ;:H, while the
input dc inductor Ly.; is 10 xH considering the cost and size,
and system efficiency over wide operating range. C; is 250 uF,
and C\,, is120 pFtolimit the switching frequency ripplevoltage
within 1%. In addition, the cascaded modular structure enables
using SiC devices for both inverter stage and dc—dc stage to
improve system efficiency and reliability.

1. Low-FREQUENCY POWER MITIGATING CONTROL
AND MPPT

To simplify the analysis, a PV system including one single
dc—dc module and oneinverter module, namely : = 1andj = 1
for the PV system of Fig. 1, is selected for investigation. The
control system for the proposed CF-DAB-converter-based PV
system is described in Fig. 3, which can be divided into CF-
DAB converter control system and full-bridge inverter control
system. The dc-link voltage vy, is controlled by the inverter
module. A detailed active and reactive power compensation and
optimization strategy for the inverter control has been reported
in[5] and[6]; therefore, thispaper only focuseson the control for
dc—dc module. Duty-cycle plus phase-shift control is employed
for the CF-DAB converter. The PV voltage v, is regulated
by the duty cycle D, while the low voltage side (LVS) voltage
vg s controlled by the phase-shift angle ¢. To minimize the
peak current of the transformer, “d = 1" control using Pl +
Resonant (PIR) controller is applied to synchronize the LVS
and high voltage side (HV'S) dc-link voltage. A low-frequency
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power mitigation strategy using dual-loop control with dc-link A g
voltage fed forward is developed for the PV voltage control; T
hence, low-frequency ripple-free PV power can be realized. \ _{/
The PV voltage v,, and the inductor current i; are used to \ f |y 1
caculate the PV voltage variation dv,,, PV power p,,, and \ 14
PV power variation dp,,. And the PV voltage reference v, \-\_ {;"
is generated from MPPT block, which is implemented with an 21V \{‘ I v
autonomous variable step-size MPPT strategy that can achieve /-” N
high efficiency and fast MPPT under rapid irradiation change. // A\
D) i
A. Dynamics Analysis of CF-DAB-Based PV System % \‘\ -
The operation principles of the CF-DAB converter have been 0/ ! : : >
P princip 0 025 05 075 1

presented in[23]. Theoperation rangesand somekey waveforms
areredrawn herein Figs. 4 and 5, respectively. Fig. 4 showsthat
thereare seven subareasthat can be combined into four operating
modes symmetrically, and each one has two conditions: D <
0.5 and D > 0.5. In real application, the duty cycle is usually
limited within 0.25-0.75 in order to achieve high efficiency,
and the phase-shift angle should be smaller than «/3 for low
circulating loss. Therefore, the converter will mainly operatein
mode | and 1. Fig. 5 depictsthe key waveforms of the CF-DAB
converter under mode | and mode 1. vy,; and v/, are primary-
side voltage and primary referred secondary-side voltage of
the transformer, respectively. iy q.1 IS the current of the dc—dc
converter inductor, and iy, istransformer primary-side current.

Fig. 4. Operating ranges of CF-DAB converter.

Based on the periodicity and symmetry of the waveforms, the
power flow equation of the CF-DAB can be derived as

Vit (207 — £
ModeI:0 < ¢ < min{2D" 7, 7 —2D" 7}
[d) (1— ) —z (1—2DT)2}

ModelIl: 2D 7 < ¢ < 7 — 2D, DT > 0.25
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Fig.5. Key waveforms of CF-DAB converter: (a) mode |, where0 < DT <
0.5, ¢ < min{2DT 7,7 — 2D '}, and (b) mode Il, where 0.25 < DT <
0.5,2DT 7 < ¢ <7 —2D"7.DT = min{D,1 — D}.

where V;, V. aredc-link voltage at the LVS and HVS, nisthe
turnsratio of the transformer, w isthe switching frequency, D is
the duty cycle, ¢ isthe phase-shift angle between the HV'S and
LVS, and DT isthe minimal value of D and (1—-D).

The CF-DAB converter can be considered as a boost con-
verter cascaded by a voltage-fed DAB converter whose power
flow follows (2). The corresponding averaged model is con-
structed in Fig. 6 where the PV array is modeled as a current
source paralleled with an equivalent output resistor of PV ar-
ray operating at MPP, that iS Ry,pp = Viupp /Impp [24]. Since
the control cycle is the same as switching cycle in this paper,
the step-delay effects are not considered and al the analyses
are under s-domain. Based on the developed equivalent circuit
model, the small-signal state-space equations can be derived
in appendix (A-1)—(A-3). Accordingly, the control-to-output
transfer functions G, pv _a(s), Gya_e(s) are summarized in (3)
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and (4).

Gl'pv —d (5) =

2V, Cys +4D [Iqc1 —5gn(0.5 — D)oV, /nwL,]
(sChy +1/Rupp) [Lac1 Cus® + Rpae1 Cus + 2D?| + 2Cy s

Model:0 < ¢ < min{2D" 7,7 —2D" 7}
(©)
2V,Cys + 4D [I; 4oy —sgn(0.5 — D)(1 —2D" )7V, /nwL,]
(Scpv + 1/Rmpp) [delcd 82 + B‘/]_dch'(lS + 2DZ] + ZCdS

Modell:2DT 7 < ¢ <7 —2DT 7, DT > 0.25
Guoas(s) =

—(Vie /nwL)(2D" —¢/7) [(sLact + Rraci ) (sCpv +1/ Ry ) +2]
(SCPV + 1/Rmpp) [Lrlrl Cdsz + Rraa Cd s+ 2D2] + 20,18

Model:0 < ¢ < min {2D% 7,7 —2DT 7}
4
—(Vae/nwLy)(1 = 2¢/7) [(sLact + Rrac1)(sCyy + 1/Ruypp) + 2]
(SCP\' + 1/Rmpp) [del Cys* + Rpac1 Cas + 2D2}+ 2C, s

ModelIl:2DT 7 < ¢ < 7 —2D% 7, DT > 0.25.

As can be seen, the converter is athird-order system that has
three poles, including a pair of conjugated poles due to the LC
resonant network. The natural frequency w,, of the LC network
can be determined by

2(Cd + DQCPV)
wy = | LT 5
delCdev ( )

With given LC parameters, the resonant characteristic mainly
varies with R,,,,;, and the control variable (D, ¢), which are
determined by the PV operating condition (V},, P). Toillustrate
the impact of PV operating condition on the system dynamic,
bode plots of G, pv_a(s), Gua_s(s) under different (V,,,, P) are
shown in Fig. 7. Experimental circuit parameters of a down-
scaled 5-kW prototype aslisted in Table | in Section V are used
incalculation. To verify the small-signal model, ac sweep results
from circuit simulation in PSIM are also depicted in Fig. 7. The
small-signal gains of the derived model matches well with the
simulation results, demonstrating good accuracy of the derived
model. As can be seen, the operating condition has less impact
on Gpy_e (s) compared to G,y _q(s) dueto the cancellation ef-
fect of the near pairs of conjugated zeros and poles. The natural
damping frequenciesw, of the PV system under different operat-
ing conditionsare closeto w,, a around 6.2 kHz, which isabove
1/10 of switching frequency of dc—dc stage and 1/2 of that of
theinverter stage. Moreover, the resonant peak magnitude varies
significantly with operating conditions. When input voltage is
high and the power is low, the converter presents as a very low
damping system. And these two characteristics make the con-
troller design of PV voltage control difficult in compromising
between the high control bandwidth and high system stability.

B. Low-Frequency Power Mitigating Control

To make the control system more robust, a dual-loop control
is adopted for PV voltage control. Within the PV voltage loop
control, input inductor current feedback control isinserted asan
inner-loop control. With the introduced state feedback control,
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the system order degrades from 3 to 2, which simplifies the
system dynamic response. In addition, v, is fed forward to
cancel the impact of the disturbance on the bus voltage so that
the current loop of i, with duty-cycle control isdecoupled from
the voltage loop of v; with phase-shift control. As aresult, the
system order is further reduced for the duty-cycle control loop,
which greatly simplifies the controller design. The simplified
system diagram is shown in Fig. 8. In theinner current loop, the
PV is considered as a constant voltage source due to its slow
dynamic response, while v, is a voltage disturbance source.
With a high-bandwidth inner current loop, the inductor current
can be well regulated such that low-frequency ripple can be
eliminated. Consequently, the PV voltage loop are freed from
ripple voltage control; hence, amuch lower bandwidth loop can
be used, which make the system more robust.

Based on the developed equivalent circuit model, the system
control block diagramisdescribedinFig. 9. H, (s) isthetransfer
function of the feedback filter, which in experiment is a first-
order low-pass filter with corner frequency of 1/3 switching

Equivalent circuit model for PV voltage dual-loop control: (a) PV voltage loop, and (b) inductor current loop.

frequency. G, (s), G.;(s) are the compensators for PV voltage
loop and inductor current loop, respectively, which are given
in (6) and (7). PI controllers are implemented for both control
loops. Particularly, a resonant controller is inserted to current
loop in order to boost the control loop gain at 2w such that 2w
ripple in the inductor current can be neglected

10
Gop = —0.05 — Tﬁ (6)
0.0002 2007
Go= —1— - . 7

' s s2 4+ 4mws + (2w)? 0

The bode plots of the compensated loop gain at v, = 150 V
and P = 5 kW areshownin Fig. 10. The current loop has acut-
off frequency of 2.36 kHzand again of 59dB at 2w (i.e., 120 Hz),
while the PV voltage loop has a low bandwidth of 23 Hz,
which satisfies both 2.0 component attenuation and MPPT. The
pole-zero locus of the closed PV voltage loop are also given in
Fig. 11 to evaluate the control system stability and performance
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with PV array under different operating conditions. The system
is always stable in the designed operating range since al the
poles of the closed-loop system are in the left half plane. How-
ever, as seen from zoomed poleslocus, the system shows slower
dynamic response at condition of lower input voltage or higher

power.

C. DC-Link Voltage Synchronizing Control

Due to large voltage variation on the HVS side, dc-link volt-
age synchronizing control, i.e., “d = 1" control, is applied to
the LVS bus voltage control to avoid large peak current inside
the converter resulting from voltage mismatch betweenthe LVS
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and HVS side. The transfer function G,4_; (s) derived in (4) is
directly used for the phase-shift controller design. The corre-
sponding control block diagram is shown in Fig. 12. G,4_q(s),
Gua_ipv(8), Guavac(s) ae the transfer functions from
disturbance sourcesto busvoltage vy, and G, (s) isthetransfer
functions of the phase-shift controller.

A modified Pl with plugged resonant controller in (8)
is selected to compensate the phase-shift loop. A pole at
—60007 rad/s, around half of the natural frequency, is placed
to attenuate the possible resonant peak resulting from the con-
jugated poles at low power condition as shown in Fig. 7(b). In
addition, the resonant controller ensures system with enough
gain at 2w frequency so that the LV S voltage is well synchro-
nized with the HV'S voltage. Therefore, the transformer peak
current can be minimized, resulting in low current stress and
improved system efficiency [23]

_ —514(s 4 2007)

. —1.267s
P s(s +60007)

s2 +4ms + (2w)?’ ®

Fig. 13 shows the bode plots of the LV'S bus voltage control
loop at v,y =150 V and P =5 kW. As shown, the phase-
shift control loop has a cut-off frequency at 2.18 kHz with
51° phase margin after compensation. And with the inserted
resonant controller, the system hasagain of 41.1 dB at 2w (i.e.,
120 Hz).

D. Variable Step-Sze MPPT With Fast Tracking

The proposed variable step-size MPPT strategy based on an
INC method is sketched in Fig. 14. To realize fast MPPT, an
online step-size cal culation algorithm adapted to the PV system
operating conditions is developed in Fig. 14(b). dvy., dipy,
dpyy, and py,, arefirst calculated using the filtered PV voltage
and inductor current to avoid sensing noise in the circuit. Then,
according to dp,., the step-size algorithm is divided into two
separate paths. If the changed power is above the threshold
d Py, for two timesin succession, rapid irradiation change mode
is detected, otherwise the converter continues with step-size
calculation in slow irradiation change mode.

Fig. 15 shows the operating paths of the INC method un-
der rapid irradiation change. During rapid irradiation change,
the operating PV curves change dramatically. Ideally, if the
PV converter can follow the operating path a, al the available
power can be extracted from the PV array. However, this ex-
tra power change due to irradiation variation may confuse the
MPPT agorithm, which may lead to MPPT failure and energy
waste as illustrated in operating path b and b’. To avoid possi-
ble MPPT failure, the PV voltage is kept unchanged as long as
the rapid irradiation change is detected, as shown in operating
path c. Since the MPP voltage does not vary much for different
irradiation level, this unchanged PV voltage is close to new
MPP voltage; therefore, most of the power generated can still
be extracted. Oncetheirradiation change become slowly, alarge
MPPT step Vi.s¢ Will be used at first for fast tracking of the new
MPP. After the new MPP is crossed twice, the voltage step size
is scaled down by factor k, in each MPPT cycle. When the step
size is smaller than V;y,, the MPPT exits the rapid irradiation
change mode, switching to slow irradiation change mode. With
thisagorithm, the energy waste during rapid irradiation change
is reduced, and the system achieves fast tracking under rapid
irradiation change without failure.

Asfor slow irradiation change mode, v, iscalculated online
in (9) according to the PV power and voltage variations

dppv

= J (Do dp dvpe) = (k1 = kapp) 52 (9)
Upv

Ustep

where k; and k&, are the coefficients related to the PV system
parameters and dynamics. When the PV voltage is far away
fromtheMPPvoltage, alarge vs:., will beapplied. Inaddition, a
scalefactor negatively correlated with PV power ismultiplied to
balance the performancein low-power or high-power condition.
With properly selected £, and k5, fast MPPT with low steady-
state variation can be achieved. In experiment, k; = 0.001 and
ke = 0.0000001. To smooth the PV voltage change, vtep IS
limited by

05 . vstep(k — 1) S UStep(k) S 2 . Ustep (k — 1) (10)

IV. EXPERIMENTAL RESULTS

A downscaled 5-kW PV system prototype including one
dc—dc converter module and one inverter module using SiC
MOSFETs was built in the laboratory as shown in Fig. 16.
PV emulators from Magna-Power were used to emulate a



336

Start

h 4
Vp\'(k)s f;n’(’l\') [f!(k)]
sampling and filtering
v
dplfn' = Vp\'(k) = Vp\'(k'] )

dl'.p\' = ‘Ipi(’(.) = f;:h'{k'])

. dp,,.- o Vpr(k)f'.m(k_)w' \’;n(k‘l }ij?i'(k-]) ]

Kipay = dpp/dvy,
Calculate v,

Y

[ . .
Vor = Vi + Vtep

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

" Start

<{dppl> dPy 7>

Rapid irradiation change

N:-n.r = Nrm 1

Vstep = Vr'u.ﬂ

Y

Yy

< Nw>27 >

~_N__dp, <0k~
s 2rld timg'?, T

H » New =0

Vitep =

(ky+kap)dp,,/dv,,

Sfr.r.\'r =]
Vitep = 0 v

Vo) = kvoplk-1)

S_,fé?x.’ =0

: A2
limits: vae(k) €
[053 2] 'V_..,q,(k—l )

Slow |
irradiation |

= .
Vou = Vpu T+ Vagp

! B — change

(a)

Fig. 14.

MPP

PP" A
| —— 300 W/’
—— 1000 W/m®
MPP Tracking

Fig.15. Operating pathsof INC MPPT method under rapidirradiation change.

| .

{CF- DAB DC-DC g
Converter Module [

Fig. 16. Laboratory PV system prototype including one dc—dc module and
one inverter module.

!
_.---—‘_---..
_ Return

(b)

Flow chart of proposed variable step-size INC MPPT strategy: (a) INC algorithm, and (b) variable step-size algorithm.

TABLEI
CIRCUIT PARAMETERS OF THE PV SYSTEM PROTOTYPE

Items Descriptions Value

100-200 V
300V
600 V
208V
32:16

28.5 uH
143 H
2mH
10 uF
30 uF
120 uF
FCH76NG0ON
CMF20120D
50.4 kHz
10.08 kHz
10 Hz

Vo
Va

MPPT voltage range

Nominal LV S dc-link voltage

Vie Nominal HVS dc-link voltage

Vy Grid RMS voltage

n Transformer turns ratio

L, L eakage inductance of dc—dc converter
Lacis Laco DC inductor of dc—dc converter

Ly Linefilter inductor of inverter

Cpv Input capacitor of dc—dc converter
Cy LV S dc-link capacitor

Cqe HV S dc-link capacitor

Sy LV S switches

S HV S switches

fowi1 Switching frequency of dc—dc stage
fsw2 Switching frequency of inverter stage
fm ppt MPPT frequenCy

150-V / 4.1-kW PV string under the standard irradiance
(1000 W/m?) and the room temperature (25 °C). The proposed
control strategy was implemented in digital signal processors
and field-programmable gate array control platform. The sys-
tem circuit parameters are listed in Table |, where the HVS
dc-link voltage is reduced to 600 V due to low grid voltage
of 208 V. The following experimental results are provided to
demonstrate the performance of the proposed PV system.

Fig. 17 shows the steady state and dynamic performance of
the PV systemwith disabled MPPT. InFig. 17(a), theirradiation
level increased from 300 to 1000 W/m? within 1.5 s. Fig. 17(b)
and (c) are the zoomed waveforms at steady state under the
irradiation of 300 W/m? and 1000 W/, respectively. As can
be seen, with asmall dc-link capacitor (120 pF), alarge voltage
variation of 146 V is observed on the dc-link at 1000 W/m?
(4.1 kW), which is 24.3% of the normal voltage. And with the
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Steady state and dynamic responses of the PV system under solar irradiance change: (a) dynamics response under irradiance change from 300 to

1000 W/m?, (b) zoomed steady-state waveforms at 300 W/m?, and (c) zoomed steady-state waveforms at 1000 W/m?.

proposed PIR controller, the LV Svoltagefollows stiffly with the
HV Svoltage. The PV voltageiswell regulated at 150V in steady
statewithout low-frequency ripple, which demonstratesthe high
performance of the proposed low-frequency power mitigation
control. During the transient, the HVS and LV S ripple voltage,
and the grid current increase smoothly with the PV current;
and the PV voltage shows a negligible variation, which can be
further improved with an increased bandwidth of the control
loop. The total harmonic distortion of grid current is less than
1% for both 300 and 1000 W/m? irradiation level.

Fig. 18 illustrates the transformer current and ZVS wave-
forms of the CF-DAB dc-dc module under proposed control
strategy. As the dc-link voltage swings at 120 Hz, the trans-
former current also shows a swinging envelope. However, the
LVS dc-link voltage is synchronized with the HVS dc-link
voltage using “d = 1" control, thus the transformer current
in each switching cycle has a flat top or bottom as shown in
the zoomed waveforms. Therefore, the peak current stress on
the transformer and switching devices are minimized. It can
also be seen that ZVS are achieved in both LVS switches and
HV S switches, demonstrating the converter has low switching
loss.

Fig. 19 demonstrates the performance of the PV system
with the proposed variable step-size MPPT strategy. Fig. 19(a)
shows the steady-state and dynamic MPPT waveforms, while
Fig. 19(b) depicts the corresponding MPPT trajectories of P-V
and |-V curves. |n steady state, the PV voltage ripple around the
MPPislessthan 2 V at 300 W/m? and 4 V at 1000 W/m?. This
small variation ensuresthe MPPT efficiency higher than 99.5%.
The dynamic MPPT process under rapid irradiation change is
also captured as shown from ¢, — t3. From t, — ¢;, the rapid
irradiation change is detected with the dp,,, larger than 50 W.
During this period, the PV voltage is regulated as unchanged.
Then, fromt¢; — t5, the MPPT step sizeissetto 2V in order for
fast tracking the new MPP. At ¢y, where the converter crosses
the MPP for the second time, the MPPT step size begins to de-
crease by afactor of 0.6 in each MPPT cycle. And finaly, at 3,
the MPPT step sizeislessthan 0.2 V and the MPPT agorithm
switches to slow irradiation change mode.
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Fig. 18.  ZVS operating waveforms of CF-DAB converter: (a) S,1 and S,
(b) Ssl and Ss?-
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V. CONCLUSION

In this paper, agrid-tied CMI PV system based on CF-DAB
dc-dc converters using small de-link capacitors has been pro-
posed. “d = 1" control wasapplied to minimizethe peak current
stressin the converter by synchronizing the LV Sdc-link voltage
with HV Sdc-link voltage. A detailed |ow-frequency power mit-
igation control for the CF-DAB converter was proposed based
on the dynamic model of the converter. With the proposed dual-
loop control using PIR controller, the large low-frequency volt-
age ripple on the dc-link can be blocked away from the PV
side. This proposed power mitigation control can be extended
to other current-fed topologies, e.g., CF-DHB and CF-DAB3.
An autonomous variable step-size INC MPPT method was also
proposed. Fast tracking speed under rapid irradiation change
and high MPPT efficiency (>99.5%) were redlized for the PV
system. Experimental results of the 5-kW PV converter module
were given to verify the power mitigation control and MPPT
method.
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APPENDIX

State-space equations for the small-signal model of a
CF-DAB dc—dc converter

T = AT + Bu T = [iLdClv’Upvvvd]T
; (A-1)
y=Ci y = [Upy, va]”
_Rrpga 1 __D
Lyc1 L1 L1 01 0
A=| —F& — 0 C =
o mpp Cpy 00 1
= 0 0
(A-2)
Mode |
-V,
T 0 0
B = 0 0 0
Vac(p—2xDT)  ¢(¢—4nxDT)
X l71'nu.)LSC,1 mnwlL,Cy
where
X — QTLLULSILdCl — sgn(0.5 — D)ng‘/;ic
nwL;Cy '
Mode Il
-V,
Tael 0 0
B = 0 0 0
y (2¢—m)Vae w2(1-2DT)2—24(7—0)
mnwLsCy 2rnwlCy
where
v 2nwlsIrqe1 —sgn(0.5 — D)2w(1 — 2DT)Vdc (A-3)
nwlL,Cy ’
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