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Abstract—This paper presents a novel single stage higl N
ucqucuLy link DC to AC converter for the uucgl ration of utility NN
scale photovoltaic systems (> 100 kW) to the medium voltage (11
kV) electric grid. This type of converter is also gaining popularity 400V, 50Hz Grid (11kV)
in .ajpplicati(;ns suzhdast c.(;)m:)z:lct UPS, sl:;)rage, hy:).rid Vel:icles r:ﬁl}d | T@m
grid connection of distributed renewable generation systems The — S
use of high frequency transformer (HFT) reduces the voiume, 0.6-1 KV |I| _HCI-;'S L
weight and cost of overall system. For the conventional grid ' T
integration of high power photovoltaic system , galvanic isolation — 1-' ! N
.2 o X N 4 > S PV Module Q)
is necessary to ensure safety and to reduce the leakage current. N-Bridae
The proposed topology aims at a direct connection to the medium -
voltage grld leacllng to reduced conduction Ioss. A cllrect medium
nnnnnnnnnnnnn Fig. 1. State of the art utility scale PV generation

vultagc llllcgld
switches in the grid

llg Dcllll\.UlluuLlUl
converter. These type of switches are
mostly commercrally not available, require complicated gate
drivers and due to inherently slow speed results in higher
switching loss. Considering unidirectional nature of active power

Y ko

llUW, llllb pdper propose an ull.lull'el,l.l()lldl grlu slue converter
topology which is only line switched, along with a small shunt
reactive power compensator. The primary side converter is soft-
switched. The operation of the converter is analysed in detail.
Key Simulation results are presented to confirm the operation of

the proposed converter.

Keywords—SPWM inverter, High frequency link, Phase shifted
rulge, Reactive compensatton, H bridge, Medium voltage
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1. INTRUDUUIT1UT

The electric power grid all over the world is experiencing
major integration of utility scale photovoltaic resources. Due
to the abundance of sunlight in many parts of the country,

India is currenily producing 4229.36 MW [1] itom solar per
nnnnn Tha ~rnnuantinnal grid intasgratinn gugtamnm (in Ohig 1\
_yUal. 111C Lvllvoliiuvliar 511\1 1 ltcél uvulil D_yblclll jesis llé. 1)
uses ]i“e rennanr‘v tranctformerce tn ﬂf‘l’\iP‘IF‘ rpnnn‘ﬂ[l ‘7{\] aoe

line frequency transformers to achieve required voltage
magnification as well as galvanic isolation to ensure safety

and to reduce leakage current. The use of line frequency
transformers increases the overall system cost and volume.
An alternative option is - high frequency transformer (HFT)
link based grid integration [2]. The high frequency link (HFL)
provides required voltage magnification, galvanic isolation.
LOW voiume , wergnt ana 1ow cost nrgn rrequency transrormer
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aerospace power supp hes where
compactness and reliability are essentral, UPS and energy
storage system, fuel cell based hybrid vehicle [3] etc.

The high frequency link inverters discussed in literature are
broadly classified in two types: multi-stage and single-stage.
A conventional multi-stage HFL inverter [4] has following

stages: DC-high frequency AC-DC-adjustable frequency AC,
as shown in Fig. 2. This requires intermediate bulky DC link
capacitor. The capacitor creates long term reliability issue
for such a system. Usually the primary side high frequency
square wave 1nverter is hard sw1tcnea 1ne seconaary s1ae
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tive and passive

type HFL (RHFL) and cyclo converter type HFL (CHFL)
The RHFL type topology has structure similar to its multi-
stage counterpart (in Fig. 3) except the intermediate stage dc
link capacitor is removed [5], [6]. In this topology, additional
actrve or passrve snubber crrcult is required to commute

ATITT

nign 11 C.

AC out ut The cvclo-
converter merges the rectifier and the voltage source inverter
(VSI) of RHFL. Different modulation strategies are employed
to achieve soft-switching of the cyclo-converter. Auxiliary
circuits are employed to commute the leakage energy of HFT.

in {i1] a source based commutation teci i which
PR DS SIS S and AL ST Aca ) b PR,

ciiminates ui€ neeca O1 aadiud l_y rapcr
21 hag rannrtad a2 coamhi A HET

LAAJ 1ao 1\41.1\)1“4\.1 a vulliu AP U § Oy )
inverter which is a derived reaki

the operation of ac swrtches rts Dosrtrve ynchronous
rectrﬁer (PSR) and negative synchronous rectlﬁer (NSR) and a
modulation strategy for their alternative operations in positive
and negative half of the line frequency cycle. This break-up
of operation reduces the conduction loss.
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HF converter and the orid cide converter i¢ line cwitchad The
grid side converter 1s line switched. The
primary Qidf‘ converter first generates bipolar, high- requenc

using sine triangle

PWM which contains line frequency AC information. Then
the required voltage magnification is achieved using the HFT.
The amplified, PWM, bi-polar voltage pulse train is then
rectlhed to generate unipolar PWM voltage pulses which carry
i AC. The grid side DC-

AC converter is only line switched at the zero-crossing of
tha antnnt onrreant ta canarate roaanirved line fraaniency A
i Uulyul vuliviie w 6\/11\/1 atv 1vyulivu v 1 u\/ll\/y Fg \
/oltace. The unity nower factor (UPF) gneration of orid side
voltage. 1he unity power Iactor (UFF) operation of grid side

active power ﬂow of photovoltarc grrd connected systems. The
required reactive power by line inductance along with the grid
end filter is supplied by a shunt reactive compensator. The
energy stored in leakage inductance of the HFT and parasitic
capacitances of devices is used to soft-switch the primary side
mgn Irequency inverter wmcn reauces sw1tcn1n

OQ
—
o
@
7]
o
=
-
=
[¢)]

P SRR Y

Cyclo-converter

Line
|Inducr‘tance
: _|K ﬁ,vm_h)nrid
] |’Uh|'nk+\<5—’ vout &
1k Ak H Y M T
| olfp, allp,

L i
D6zr Ds‘r | '\]Q6 Qﬁ Compensator
HF Inverter =~ HFT Rectifier Line-frequency

Inverter

Fi g. 5. Si rn
frequency lin!

Qla@ll I I I
(0237 I e T e N Y T Y Y O o A

(022 | T
Q5. Qs | L
L
>

Qée Q7 I

24 Low
Vout [UACT 11T I 1 Il 1T TH< >
1

grid side converter resolves the problem of high switching loss
of the inherently slow high voltage blocking semiconductor
devices and also avoids the requirement of complicated gate
drive circuit to implement any modulation technique In this
paper, operauon of the proposea toporogy and simuiation
T

Sl Tants Aanerat macanta

cSuIts 1U1 UlJCll 1oovp UlJClal.lUll aie pleCllLCU

The organization of this paper is as follows. Section II
presents the proposed operation and analysis of the converter
and is diVided into three subsections— PWM modulation tech—
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a r)haqe shifted full bridge converter. The output of the HF
inverter is fed to the primary of the high frequency trans-
former. To avoid transformer saturation, the average voltage
applied across the transformer primary should be zero. So, to
achieve flux balance per switching cycle, a control signal F
is considered with 50% duty ratio and switching frequency
2%, as shown in the Fig. 7. The positive slope unipolar saw-

B . —~ ~ 3 1 . 3 L)
tooth carrier C at a frequency fs = T; is compared with a
modulation signal d(t) and generate the signal X as shown in
Fig. 7. The modulation signal d(t) is expiessed as-

d(t) = |M - sin(2m ft)| @))
whara M ic tha naal valiie Af tha madnlatinn cignal and £ ig
yiiviv, 1vi 15 uiv lJL/(—ll\ vyaluv Ul uiv 1uvgduiauauvill olsucu aliru J 1
the orid freguencv. The eatino sionals for the switches of the
I - i/ TSRS Siphiiis SUS UL SWWAILALS VR MR
HF inverter are derived form F and X as follows

Q1 =F (2)
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Fig. 7. Modulation scheme of primary side HF inverter

Q1=Qs )
Above switching scheme will generate active and zero states
like in a phase shifted full bridge converter operation as shown

in Table I. The sequence of the switching states are shown in
Fig. 7. The control scheme will apply a primary voltage, v, (in

O

)y =F®X (4)

RITET CTAaTE
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1ADLILL I, AL Suur UL bR NVERTER

OPERATION

] Switching state [ On switches |

Positive Active (PA) Q1Q4
Positive Zero (PZ) Q1Q3
Negative Active (NA) Q2Q3
Negative Zero (NZ) Q204

Fig. 6), at the HFT such that volt-second balance is achieved.
The volt-second balance equation is given as-

Wi - dTel =1 -V, - (Te— (1 +d)Tc)| (6)

| ac D | ac \ =) \ ! / (oA \~/
where, d is the duty ratio and Vy. is the input voltage of
the converter. The secondary side average rectified PWM line

oA 'S S DU T oL N T N
ITCYUCIICY AL VOILAge IS SNIOWIL 111 I'iZ. O dalld 1S CXPICSSCU ddS-

>

v'lim’c(t) = % -M - /dclsi””(Q”" ’ct)l (7}
P

where, Np and Ng are number of primary and secondary turns
of HFT respectively. The grid side inverter is line switched.
The switching signals are applied at the zero crossing of the
converter current. The gating signals, Q5 - Qg are shown in
Fig. 6. The output of the converter v, (t), average PWM line
frequency AC is expressed as-
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Fig. 9. Swiiching waveforms illusiraiing the zero voltage swiiching mecha-
nism [15]

two types of switching transition: active state to zero state
and zero state to active state [15]. Circuit operation during
these transitions are discussed in the following sections. Figure
8 shows the simplified circuit diagram to discuss the soft
switching operation. For the simplification of the presentation,

ihe secondary of the HFT wiih full diode bridge in Fig. 5
can ha amiiy alantly vranlanad with tha cantra tannad rantifiar
Lailr ve \/\.iulval\/lll.l)’ lbl.llabb\.l Ul uIv vuldiuv ua lJ\/\.I jA B ssiw §
configuration as in Fig. 8. Switching waveforms during these
transitions are presented in Fig. 9. Using KCL at the HFT
winding the primary current i, is expressed as-

ip = n(is1 —is2) ©)

where n is the transformer turns ratio: j{,—i The load current
Iy is given by
Iy = (is1 +is2) (10
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Fig. 10. Circuit diagram during subinterval: top < t < t; of active to zero
state transition
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Fig. 11. Circuit diagram during subintervai: ¢; < t < ¢ after active to zero
state transition

This interval starts with the turn off of the device Q.
Initial conditions during this sub interval are: v3(to) = Ve,

vea(to) = 0, vap(to)

/e N\ T /1 \ O Tm #lote famio 1 el oty
tS1\to) = 10, tS2\(l0) U. 1II Ud HICrvadl uic priidaly Culiclit
will vramain congtant and 1i¢ mT. ac ¢chown in Fig O Qn
Vil 1vilialll vulldualit anu 15 7ed() ads suuwil a1 1 15 e DIIU,
the presence of leakage inductance (L) will not cause any

il = / s
LC oscillation during this switching transition. The primary
current will start charglng the capacitor C4 and dlscharglng
the capacitor C3. Applying, KCL at node B and KVL across
leg B, the governing equations are derived as follows:

Ves(t) +C dvea(t) 0 (1
5 dt g o)

V() L vn(F) — (12)

Ves\v) 1 VC4\ ] V(l \t&«)

Using (11) and (12), it is shown that, the Voltage veg will fall
linearly with a slope (waruc 3 and v.3 is given as

dlode Dq is conductmg So the dead tlme

after t1, whe
between gatlng 51gnal of Q3 and Qg4 should be greater than
(t1 —to). And t; is given as-

Vae(C3 + Cy)
t1 = —————=+to (14
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Fig. 12. Circuit diagram during subinterval: to < t < t3 of zero to active
state transition
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Fig. 13. Circuit diagram during subintervai: 3 < t < t4 of zero to active
state transition

At the end of this interval, the switch Q; and the diode D3
will continue to conduct the primary current as shown in Fig.
11.

2) Zero to active transition: Only leg A devices are

switched in this transition. During NZ to PA state change over,
Qg is turned off and Q; is turned on and during PZ to NA state

cndngc over, Qp 1is turned off and Q2 is turned on as shown
3v Oig O Tha gnvarning annatinng f thaga tvn guritnhing
111 1'15. 7 a1l 5UVU1111 lé U\i AlvVID Ul uivde L v o ll\/lllllé
trancitiong are c¢imilar and hence trancition from . to )5 ig
transitions are similar and hence transition from Q; to Qs is

i he transformer

This interval starts at the moment Q; is turned off. The
simplified circuit diagram in this interval is shown in the Fig.
12. At the begmmng of this interval, the circuit conditions are

f1 N\ Tr f1 N\ n f1\
given as: vg1(te) = 0, vea(ta) = Vie, vap(te) = 0, vp(t2) =
n .. . n 2 T a4 [+ N\ T a4 (1 Y N Tenin tha
U, Up — U, ipll2) — Tig, 151112) — 10, t52{12) — U. I'TOIN U1e
Fio O the nrimarv cnrrent ctarte alling in thic interval Sn
Fig. 9, the primary current starts falling in this interval. So,
transformer leakage inductance will play a role in charging and
discharging of capacitors C; and Cs,. Applying KCL at node

T +
N mveve

ot picr sy bs

(t) Vdc A

i 5

J I s
_|L4§ VCZ—O _H/\‘ N7

Qzl_jlﬁ C2 Q4] [P4/Ca

Fig. 14. Circuit diagram during (t> t4)



aq follawe:
as I0110WS!: o dver _ CZ@ +ip (15)
dt dt
Applying KVL,
Vel + Ve2 = Ve (16)
Vel +vr +vp =0 an
UL, — L% (18)
dt
By solving (15) to (18), the primary current is expressed as-
/ \
ip(t) =nly - cos ( t \ (19)
\VL(Ci+Cs))
And the voltage of the capacitor C is given as-
- (ot .
Ve1(l) = o - \/ Ch (2V)

\ JL(C: 1 Co) }

At t = t3, ve1(t) will reach V. and will remain there. vo(t)

alscnarges to zero ana tne diode J_)2 starts COD(lllC[lIlg The

-l-Cf)

As the diode Dy and D3 are conducting (Fig. 13), a negative
voltage is applied across the leakage inductor (L) which will
linearly reduce the primary current further. The voltage drop
across the leakage inductor is given as-

di,
L-—2+4Ve=0 21)
dt
Ds; anlirinnas M1 tha wmwiimrnme: ~rrwsant 10 aAvsmwacncoad Ao
Dy bUlVlllg \41), Luic l) Jeiet y CuUuLIcIIt 1> CAPI SHCU dAd-
V.
i) = 2 Y L (42) (22)
Yp\vJ L \v Yo/ b vp\¥o) \ /

The primary current will reach to zero at time ¢, and this
interval will end.

of switches Qq and Q2 can be expressed as:
time < (t4 — tz).

e primary
current The condltron is given as-
 r
/ L
nIO Al = - > \ (24)
VOi+0C2
CQuah _intoavrvale + _~ + ~ 4
DUUTIIILLL YAle (/4 ~N U (/5

In this interval, the primary current is negative and contin-

. \% . .
ues to fall with same slope —-%. The device Q2 and Q3 will
conduct. The circuit diagram is shown in Fig. 14. At the time

C5 the current Lp reaches —IL.lO l.5 is cxprcsbcu as-
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Fig. 15. Schematic diagram for reactive power compensation of line loss
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Fig. 16. Circuit diagram for shunt reactive compensation

C. Reactive power compensation

by line reactance a shunt compensator (a Voltage source
inverter) with a small line frequency transformer is connected
at the grid end of the converter as shown in Fig. 15. This
inverter supplies only the reactive power needed to keep the

grid current at umty power factor (UPF). The size of the lin

frequency transformer and the power rating of the inverter v'vﬂl
be small
UL odiliiaii.

1
a
acanriatad with raantiva navwar agcts atinn 1c chnawn 1w Fig 17
associatca wilin reactive powcer cstimation is snown in rig. i/
The active nower drawn bv the orid at TJPF ig oiven as-
10e active power drawn oy the gric at Urr 1s given as
P = |ng'd| . |-lgm'd| (26)

This active power is supplied by the converter. Power supplied
by the converter-

Fig. 17. Phasor diagram for shunt reactive compensation



MTha nernnncad] ~nnlaoy o cimniilated and < PRy | itla
1€ proposea topoiogy is Simuiat€a anda is verinea wiln
thoenaratical analucic The cimulation narameterg are nregented
tneéorelical anaiysis. 1n¢ simuialion parameters are preseniea
in Table II. Fig. 18 presents the simulated erid phase voltage
o r o r (=
TABLE II. SIMULATION PARAMETERS
[ Parameter [ Particulars |
Vac (V) 600
Vgria (V) (L-L) 400
fyria (H2) 50
Power (kW) 100
Peak modulation index (M) 0.8
HFT turns ratio 100:68
Line impedance (at 50 Hz) 0.05 p.u (0.255 mH)
Reactive compensator (X¢) 35.56 2
HEFT leakage impedance (at 5 kHz) 0.05 pu (5.5 pH)
Capacitance across the device 37 nF
Dead time 1.0 ps
HE invertor quit, nln ing fraanency 5 LH,
HF inverter switching frequency 5 kHz

and line current. vg.;q and 44,34 are in phase. The peak values
of vyriq and g4r;q from simulation results are 320 V and 198
A respectively. Fig. 19 shows PWM output voltage of the
converter vy, in phase with the converter output current .
oyt contains high switching ripple. Whereas vg,;4 and zgmd
have neghglble r1pple content. The line inductor acts as filter
ana eummate high swucmng I’lpple Irom the conver[er output

¢

an anole 2 OO r]np 176 fhp nresence r\F III‘\P reactance. ]—710 ’7{\
n ang:c 2. Prc

presenm the rectified PWM Vn]moe vink and the link (‘nrrent

i1ink at the diode bridge rectlﬁer outDut 1ink 1s the rectified
form of i,,,; which also contains similar high frequency ripple.
The simulation wave forms of HFT primary voltage v,,; and
current %y.; is shown in Fig. 21. PWM with high frequency
inversion is seen in the primary voltage waveform. The flux
balance at the HFT is shown in Fig 22. The magnetlsmg

g PR

current \Lmag), [)llllldly vuuage Up’I’"L auu Ld.lllCl WdVClUllllb

ntad Tha rarace nrimary valtace and the
cuv lJlL/D\/lll.\/\.l lll\/ uvplusv lJlllllul)‘ vuuasp aliu I.ll\/ uvplusv

magnphmng current are zero over a switchine cvcle. The soft

ZEero OV cycle.
switching of HF inverter is achieved for 50% of the peak value
of primary current and above. The transition from Q4 to Qs
and Q; to Q2 is shown in Fig. 23.

0

IV. CONCLUSION

following features (1) s1ngle stage and unidirectional power
flow; (2) galvanic isolation with high power density HFT;
(3) partial soft-switching primary side HF inverter; (4) line
switched grid side (secondary side) high voltage inverter and
(5) reactive loss compensation at grid end by a small size VSI.
The converier has been analysed in deiail and the simulaied

Surullulc SN0WAa I g,

gy is essential to connect the converter
grid with available relatively low voltage

24 Multi-level topolo
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Fig. 18. Simulated voltage and current waveforms at grid end
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Fig. 19. Simulated waveform of the output voltage and the output current
of the converter

devices in the hlgh volta, age side of the converter. This lUI)UlUgy
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Fig. 23.  Soft-switching waveforms (Z—A/Q4—Q3 and A—Z/Q1—Q2)
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Fig. 24, Multilevel topology of the proposed converter
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