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Abstract: In grid-connected distributed energy system, power converters are used to integrate different renewable sources and
loads. If the number of sources/loads increases, the number of converters/conversions are required. Because of more
conversions and operations, the conversion efficiency decreases, and it is difficult to control load/source parameters
independently. In order to overcome the problems associated with the integration of multiple sources and loads, this study
proposes a dual-input and triple-output boost hybrid converter (DTBHC) with independent control. The dual input ports of the
proposed converter can be used to connect two different dc voltage sources. Triple output ports of the proposed converter can
be used to connect ac grid, ac local loads, and dc local loads. These load voltages are regulated by using carrier-based
modified sinusoidal pulse-width modulation (CBMSPWM) technique in order to control the dc and the ac loads independently
with respect to sources. The DTBHC with CBMSPWM control is simulated using a MATLAB/Simulinke validated using FPGA
controlled laboratory prototype. The validation of the proposed converter is carried out with variation of load current, different

input voltages to generate stable ac output voltages (same as well as different frequencies).

1 Introduction

In distributed energy system, generally, dc renewable sources
(solar, fuel) supplies power to both local ac and dc loads as well as
integrated to grid simultaneously using individual converters, i.e.
boost converter for dc loads and boost converter along with voltage
source inverters (VSIs) (two-stage conversion) for grid and ac
loads. This type of architectures increases the device count, size,
control complexity and reduces the power quality and efficiency.
And also, it is required to control two modulation index parameters
(mg, for grid voltage and my, for local ac load) and duty ratio (d for
input dc voltage). However, these parameters depend on each other,
so simultaneous wide control on ac and dc outputs is not possible
with conventional topologies.

During the last few years, single-stage power converters are fast
evolving to replace the conventional two-stage converters. This
evolution has improved the overall system performance in terms of
reducing size, weight, cost, and complexity. Most of these single-
stage topologies with different modulation schemes have reviewed
in [1-3]. In single-stage topologies, Z-source inverter (ZSI) has
become a promising topology in the area of grid-connected solar
power generation. As the lesser voltage output of the solar cell
requires VSI, in addition, to boost converter for grid integration.
ZSI provides a single-stage conversion with less device count
instead of using two-stage conversion for achieving boost ac output
from single solar dc source [4]. Dual-input grid-connected ZSI has
discussed in [5], but these are designed with more number of
passive elements. Moreover, the authors of [2-4, 6] used single
output port.

Recently, the split-source inverter (SSI) [7] has been proposed
in the literature, which is an alternative option to ZSI. It has
continuous input current, less component count, and switching
stress than ZSI. SSI is controlled by a single parameter, i.e. its dc
and ac sides are controlled by the regulated modulation index in
grid-connected mode. Decoupled control of grid-connected SSI is
discussed in [8]. It provides independent control on the duty ratio
and modulation index. However, this SSI is failed to discuss the
multi-input, and multi-output (MIMO) operations in the case of
more number of loads and source are present [9].

Boost derived hybrid converter (BDHC) proposed in [10-12]
provides a simultaneous ac and dc outputs, but the independent
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control of both ac and dc loads is not possible, and this can be used
only for island mode of operations. And also, the freedom of
control (sum of modulation and duty ratio) is limited to one.
Because of this limitation, the full control of dc and ac loads is not
possible [12].

On another side, the extended version of VSI is nine switch
inverter (NSI) proposed in [13], which provides the two ac output
voltages with a different voltage and frequency. An improved NSI
with the phase-shift modulation technique has presented in [14].
However, these NSIs are unable to boost the input dc voltage,
similar to VSI. Because of the lesser voltage gain factor, the grid
integration of low voltage solar energy is not feasible with NSI.
However, the authors of [15—17] proposed a modular multi-level
inverter for grid integration of low voltage dc source along with
local loads, but it requires a three-port transformer along with more
number of power switches and passive components. Also, these
works do not provide MIMO configuration. The multi-input grid-
connected switched boost capacitor has proposed in [18], but it has
a lesser gain factor, and the output voltage has not regulated with
input voltage changes.

Considering these limitations, this paper proposes a dual-input
and triple-output boost hybrid converter (DTBHC) for distributed
energy systems, as shown in Fig. la. It provides three output ports,
out of which two are used for feeding local ac and dc loads, and
another ac output port is used for grid integration. The converter
output is regulated by using carrier-based modified sinusoidal
pulse-width modulation (CBMSPWM) technique, which has to
control two modulation index parameters (m,, for grid voltage and
mg, for local ac load) and two duty ratios (d; and d, for input dc
voltages 1 and 2 with respect to output dc load). Hence, using this
CBMSPWM the DTBHC is controlled independently on both ac
and dc sides. Along with MIMO conversion the salient features of
the DTBHC are as follows:

It gives dc and ac boost output voltages in a single conversion.

 Input currents are continuous.

» Higher ac and dc voltage gains.

» Lesser passive component count and device count.

* Able to integrate lower dc voltage sources (PV cell, fuel) to the
grid.
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» Different voltage gains and different load frequency operations.

* Control of modulation index and duty ratios are independent of
each other using CBMSPWM.

 Input dc voltages need not be of the same voltage level.

The organisation of the paper as follows: the description, operation,
control, and analysis of DTBHC with CBMSPWM technique
discussed in Section 2. The simulation and experimental validation
of the proposed system are discussed in Section 3. And Section 4 is
concluded based on the results.

2 Description, operation, and control of DTBHC
2.1 Description of DTBHC

The topology of the DTBHC is shown in Fig. 1b. It observed that
on one side of DTBHC is having three-output ports and on the
other side, it has two-input dc ports. Among the three-output ports,
two are providing a boost ac with different or the same voltages
with different or the same frequencies; and the other output port
provides a dc boost voltage. The DTBHC consists of three legs
(leg-A, leg-B, leg-C), which are connected in parallel, and each leg
is having of three series-connected switches. The dc input voltage
source Vy; is connected to upper-inverter leg-A to leg-C through
L, and diodes D, — D; at A,B,C points. Similarly, another dc
voltage source V., is connected to lower inverter leg-A to leg-C
through L, and diodes D, — D; at P, Q, R points. The capacitor C is
connected in parallel to these legs. However, dc local loads are
connected capacitor (C), i.e. across U and V. Ac loads are
connected to upper inverter (A,B, andC) and lower inverter
(P, Q, and R). Here, the phase and line voltages of upper inverter
are (Van, Vea, Ven), Vas, Vae, Vea), and for lower inverter are
(Venas Vons Ve, (Veos Vor, Vrp), respectively.  Similarly,
facor = (igs Ipy Ie) aNd lpcor = (ip, iy, ir) are upper and lower inverter
output line currents, respectively. And, iy, and Vg, are the dc load
current and dc load voltage, respectively.

2.2 Operation of DTBHC

Regarding the switching operation of the proposed DTBHC, the
State [P], State [Z], State [Z] are the switching states per phase
(leg-A). The switching operation in each switching state is shown
in Fig. 2, and tabulated in Table 1. Similarly, the leg-B and leg-C
switching states are in the same as leg A. And leg-B and leg-C are
the phase shifts by 2z/3 and —2z/3 rad, respectively. The
switching operation of the proposed converter in State [P], State
[Z], State [Z] is given as follows:

State-[N] [Fig. 2a]: In the state [N], S,, S; are ON and S, is OFF.
Inductor L, charged with a duty ratio of d, through switches S, S;
and V. Inductor L, charged with a duty ratio of d, through switch
S; and Vycpp. i, and ig, are the currents through inductors L,, L,,
respectively. During this state, capacitor discharged to dc and ac
loaded with a voltage of V.

State-[Z] [Fig. 2b]: During the state [Z], S|, S; are ON and S, is
OFF. Inductor L, charged with a duty ratio of d, through switch S,
and Vg Inductor L, discharged its energy to capacitor through S|,
capacitor C and V. During this state [Z], the voltage across the
capacitor is Ve + vii.

State-[P] [Fig. 2c]: During the state [P], S;, S, are ON and S; is
OFF. Inductor L, discharged its energy to the capacitor through S,
capacitor C and V. Inductor L, discharged its energy through
diodes of switches S,, S, capacitor C and V. During this state,
the capacitor charged to Vici» + vi,.

The 27 switching modes of DTBHC with three legs, as
presented in Fig. 3a. Accordingly, during these switching modes,
the phase and line voltages for both lower inverter and upper
inverter are listed in Table 2. Here the phase voltage (Va,) is
formed by 0 and V., with respect to negative of dc bus, and the
line voltage (Vg = Van — V) is formed by — Ve, 0, Vieo-
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Fig. 1 Architecture and topology of the proposed multi-input and multi-output converter
(a) Architecture of the proposed converter having two dc input ports used for renewable dc sources, two boost ac output ports with similar or different frequencies one is used for

grid integration and another for ac local loads, and one boost dc output port used for local dc loads, (b) Proposed multi-input and multi-output boost hybrid converter
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Fig. 2 Operation of the DTBHC per phase (leg-A)
(a) State-[N], (b) State-[Z], (c¢) State-[P]
Table 1 Switching states of DTBHC
State Figure Switches Vam Ve Cap L, L,
S] Sz S3
[N Fig. 2a 0 1 1 0 0 D C C
[Z] Fig. 2b 1 0 1 Viaco 0 C D C
[P] Fig. 2c 1 1 0 Vaco Vico C D D

C = charging, D = discharge.

333 $34 £30 £33 244 242

335 808 33

[PPP] [PPN] [PPZ] [PNP] [PNN] [PNZ] [PZP] [PZN] [PZZ]

Model Mode2 Mode3 Moded Moded Mode6 Mode7 Mode8 Mode9

£33 $35 £33 43 £44 £43 823 24 37

[NPP] [NPN] [NPZ] [NNP] [NNN] [NNZ] [NZP] [NZN] [NZZ]
Mode 10 Mode 11 Mode 12 Mode 13 Mode 14 Mode 15 Mode 16 Mode 17 Mode 18

;3 0RE 30 48 244 D40 024 026 20

[ZPP] [ZPN] [ZPZ] [ZNP] [ZNN] [ZNZ] [ZZP] [ZZN] [ZZZ]

B Switchis ON O Switch is OFF

Mode 19 Mode 20 Mode 21 Mode 22 Mode 23 Mode 24 Mode 25 Mode 26 Mode 27

| i
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Fig. 3 The switching modes and modulation scheme of DTBHC
(a) 27-switching modes of DTBHC, (b) 3 — ¢ reference wave forms are generated using CBMSPWM, (¢) Implementation of CBMSPWM and switching logic for DTBHC

810

IET Power Electron., 2020, Vol. 13 Iss. 4, pp. 808-820
© The Institution of Engineering and Technology 2019

/:sdny wouy papeofumod ‘b *020¢ ‘EhSPSSLI

ASUAIIT suowwo)) aanear) ajqeorjdde ay) £q pauraao3 are saponIE YO asn Jo sa[nI 10§ AIeIqI] SUIUQ A3[TAN UO (SUONIPUOD-PUR-SULIS)/W0d K3[1m KIeIqI[aul[uo//:sdny) suonipuo)) pue suLa, ay 23S *[z70¢/11/L0] uo Areiqry autjuQ A3IA\ 1030311 2y ], K1eiqry [ed1pajy [euoneN £q 86£9°810¢ 12d-191/6+01°01/10p/wod K1



Table 2 27-switching modes of DTBHC from Fig. 3a

Upper inv. Lowerinv.  Phase voltage Line voltage
1,8,7,9,19, 21, 1 Vicos Vacos Vo 0,0,0
25,27

2,8, 20,26 2,3 Vicor Vacor 0 0, Vigeor — Video
4,6,22,24 4,7 Vicor 0, Vaco  Viaeos — Vieor 0
10, 12, 16, 18 10, 19 0, Vico» Vaco = Vaeos 05 Vigeo
5,23 5,6,8,9 Vi 0,0 Vieor 0, = Viaeo
11,17 11,12, 20, 21 0, Vgeo, 0 —Vicos Vcos 0
13,15 13, 16, 22, 25 0,0, Vyeo 0, — Vieos Vaeo
14 14,15, 17, 18, 23, 0,0,0 0,0,0

24,26, 27

2.3 Designing of the inductors and capacitor of DTBHC

Inductors L; and L, are charged when at least one of the reference
signals (for upper and lower inverters) is smaller than the carrier
signal. When the reference signal-1 is smaller than the carrier
signal, the inductor L, is charging (Mode [N]). When the reference
signal-2 is smaller than the carrier signal, the inductor L, is
charging (Mode [Z]). When these reference signals are larger than
the carrier signal, the inductors are discharging, and the capacitor is
charging (Mode [P]).

From [7, 19], the m, and D are related by the following
equation:

D) = %[1 - mm*sin(a - %)} 0<6< % (M

The inductors of the DTBHC are charged with a duty cycle of
D = max (d;,d,). The duty cycle variation of the PWM has

boundaries of D,,;, and D,,,, which are obtained by substituting 0
and 27/3 in (1), respectively, then

ES
Dy = 0.5+ B 4’”‘“ @)
Do = 05+ 2 3)

The average duty cycle D is calculated over a time period
T =2x/3 and it is given by

1 27/3
D= Tl/ D(H)dé?] )
0

2

3
D= % / %[1 - mal*sin(e - 23—”)1019] )

0
I PR ( _ E)]ZM
=>D= o [1 mg,*cos| @ 3], (6)
_ 3ma; _ 3mq,

S D=05+7" =05+ )

Applying the volt-sec balance equation to the state [N] and state
[P] of Fig. 2, the following equations can be obtained.

In State [N], switches S, and S; are ON, then the inductor will
store the energy, and the voltage across the inductor is given by

Vi = Vaein (8)

In State [P], switches S, and S, are ON, then the inductor

discharges its energy to the capacitor and the voltage across the
inductor is given by

Vi = Vacir = Vdeo (9)
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Considering the total time interval is 7 (one switching period), the
inductor L, is charged two times with an interval of 7, in one
switching period [20]. So, the average inductor voltage is given by

2T, 2T,
VLl = (1 - T()l )(Vdcil - Vdco) + Tm(vdco) (10)

In a steady state, the average inductor voltage should be zero, then

2T, 2T,
(1= 27 Ve = Vo + 27 Vo) = 0 (1)

and the above equation is simplified as

1
Vico = Veir * 124 (12)

Considering, T,,/T = d,, then

Vdco 1
=— 13
Vdcil 1- Zdl ( )
Similarly
Vdco 1
=— 14
Voo~ 1-24; (14
Here Vi, and Vg, are the input dc voltages.
Substituting (7) into (13) and (14) then
Vdco _ 4%
Viacii — 2%pi — 3%[3%my, (15)
Vdco _ 4%
Vacia — 2%pi — 3%/3%my, (16)

From (15) and (16), the normalised ac output fundamental peak per
phase is given by

Vam — 2% 7*my, (17)
Vi~ 2%pi — 3%3%my,

Vam _ 2% mg,

Vacia ~ 2%pi — 3%/3%my, (18)
VPnZ _ 2*77*7”(12

Vace  2%pi — 3%3%my, (19)
VPnz Z*ﬂ*maz

Vicio - 2%*pi — B*ﬁ*maz (20)

Here m, and m,, are modulation indexes of upper inverter and
lower inverter, respectively. And, the inductors (L;,L,) and
capacitor (C) of DTBHC are calculated based on the following
equations:

_ Vico dVycin
L= rom T 2fom, @n
_ Vico dyVcin
L= Sroim t 270 (22)
_in4in | 2-d—d,
€= 67rf55vdco * 2f55Vdco (23)

where 6Veo, OiLi, iy, and f; are the ripples in dc-link voltage,
change in inductor currents and switching frequency, respectively.
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2.4 Carrier-based modified sinusoidal pulse-width modulation
(SPWM)

The carrier-based SPWM technique is having a one controlled
variable (i.e. modulation index (m,)), and it controls the dc and ac
sides dependently, and also the maximum peak value of (m,) is
one. Using this conventional SPWM technique, the independent
control on dc and ac sides is not possible. Hence, this paper
proposes the carrier-based modified sinusoidal modulation
(CBMSPWM) scheme to control independently from both sides as
shown in Fig. 3b. The peak value of the modulating signals my,,
mg, is no longer fixed to one. This CBMSPWM scheme has four
controlled variables, where my,, m,, controls the ac output voltages
(upper inverter and lower inverter), and D = max (d,, d,) regulates
the dc output voltage.

The proposed CBMSPWM control is shown in Fig. 3¢ and it is
implemented in the following stages [21]:

e Stage I: The three-phase reference sinusoidal signals (vabc, qu,)
are generated using my,, f, for an upper inverter and m,, f, for
the lower inverter of DTBHC.

* Stage 2: The SVPWM is applied to vy, vy by using (24) and
(25) for a better voltage spectrum

Vsabe = Vabe — %[ max (Va’ Vb, Vc) + min (Va, Vb’ Vc)] (24)

0.5

iy '.J\ |I|”|l’||_|||l_|1_|||
gl |'||||||||'}| S
_,H il Nl .r:H il

LR R S . N S

=~

‘Bz

Vea

Ve

VQR s

Vip -

Mode [ 11 11 111Dt : t g3
from Fig, da [T70 2 20001 dnddia 1102 10 10, 1 G | 15 ] 4123 5 ]
and Table 2

4

Fig. 4 Generations of gating signals using CBMSPWM for DTBHC

1 ,
Vspar = Vpgr — 7[ max (V,, V,, V,) + min (V,, V,, V,)] (25)

* Stage 3: The negative portions of Ve, Vspqr are fixed to zero and
add duty ratio D using (26) and (27). This D is used to regulate
the dc-link voltage. The CBMSPWM is shown in Fig. 4a for the
same frequency operation of upper and lower inverters

1

V:[,C = 3[ min (Vsabc) + Vsabc] +D (26)
10 .
v, = f[ min (Vypg,) + Vspgr] + D 27)

Here D is the maximum of d, and d,.
. Stage 4: If Vype, Vpgr are of different frequencies, then add off-set
to vY,., v, by preventing the crossover of upper and lower

waveforms and it is limited to lesser than one. The CBMSPWM
is shown in Fig. 4b for two different frequency operations of
upper and lower inverters

vfabC =vh . —0.732 - my, v}kpqr = vk, —0.732 - my (28)
* Stage 5: Finally, from (26)—(28), the reference waves v, v,
are compared with the carrier wave (f;), and using XOR gate

logic, it provides a gating pulse to switches as given in Table 1.

homh SR TRoTh TH SR omhoay

-~

B el 1

SR e iR

b e
T e S

(a) CBMSPWM with different modulation and same frequency, (b)) CBMSPWM with different frequency and same modulation, (¢) Generations of gating signals and three-phase

voltages of DTBHC for same frequency operation of upper and lower inverters, (d) Generations of gating signals and three-phase voltages of DTBHC for different frequency

operation of upper and lower inverters
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Fig. 4c shows the generations of gating signals and three-phase
voltages of DTBHC for the same frequency operation of upper and
lower inverters. Fig. 4d shows the generations of gating signals and
three-phase voltages of DTBHC for the different frequency
operation of upper and lower inverters.

2.5 Grid-connected DTBHC and its control

Synchronous reference frame control techniques (abc to dg
transformation) [8] are used for the grid-connected operation of
DTBHC along with CBMSPWM. The dc-link voltage is regulated
through the outer current controller, and input currents are
regulated through inner current controller. Here, the four control
parameters  (mg, My, dy,d,)  of DTBHC are  controlled
independently. The grid-connected DTBHC and independent
control scheme in the rotating dq reference frame are presented in
Fig. 5a. The upper inverter of DTBHC is connected to the grid
through the inductor Ly. If max (d,, d,) > max (my, my,), then, the
modulating signals will be saturated from the positive peaks and
negative ones will not be affected, it leads to a distortion in the
output voltages, so max (d;, d,) < max (mg;, my,) is maintaining for
grid-connected system. The controller parameters are designed
using the small-signal model of DTBHC. And, the state-space
equations of the DTBHC can be derived by dividing the total
switching period T into three main states ([V], [Z] and [P]).

By applying KVL and KCL during state [V], state [Z], state [P]
the following equations are obtained:

di 1 ,
o =1 Ve —iv) (29)
di 1 . dvgeo 1 .
d—?z =L (Vacio — i12), ddt = - ¢ o (30)
di 1 .
d_il =7 Vacir = rer - i = Vaeo) (1)
diz, 1 dveo _ 1

ar - E * (Ve = 712 * i — Vieo)s a - C ipy (32)

di 1 .
d_;] =7 (Vdeir = 11+ i = Vieo) (33)

di, 1 . dv, 1
d_iz =7 (Vaciz = 712 * it = Vdeo)s dco

o S (9)

where rp,, 71, are the internal resistances of the input inductors.
Equations (29)—(34) can be represented in state-space form,
considering ir,, i, and vy, as state variables as follows:

. Vico 1—-d
in(s) = m -d(s) - Lls—-l-lrL] * Vaco(s) (3%5)
. V 1-d
ira(s) = ﬁ -d(s) — LzS—‘I‘ZVLz - Vacols) (36)
] I ideo * d! 1 —(d +dyvi
Vaeols) = i+ 1, C-‘Hj (s) _ (d, g— Sz)VlL(S) (37

The system is controlled using four main control loops, namely
phased locked loop (PLL), dc-link control, outer current loop, and
inner current loop. The grid voltage, current (V,,i,.) are passed
through PLL, then it gives dq reference frame grid voltage, current
(Vidgos iaqo) and grid angular frequency (w). The (Vj, V,;“) are given
by the following equations:

N
Vi=VatLe Ghtnia— o L, (38)

di . .
V;kzvq"'Lf'd_lq'i'rf'lq_vaf'ld 39)

The power exchanged between the inverter and the grid is
controlled by dc-link voltage. And dc-link voltage vq, is controlled
through i;, as shown in Fig. 5a and the following equation:

dVdco

dt

3 . . . .
E[Vd gt Vg g = = Vieo - C- + Vecir * iL1 + Vacia * i1 (40)

Assuming a constant dc-link voltage, then the input currents
(i1, i,) are regulated through d,, d, and they are simplified by

. Vdco'dl . Vdco'dZ
= ro + sL,’ 2= r+ sh, (4D

Fig. 5b shows the independent control of m, and D in grid-
connected operation. Here, the height of the sine wave gives my,
and negative peak to triangle height gives the D information. It is
observed that, for modulation index variations, the height of
sinusoidal wave varies with the ac output and D is constant.
Similarly, for the duty ratio variations, the height of the sinusoidal
wave varies with D variations and m, is constant. Hence, the

" Normal Operation.

o 0.01s 0.02s

Fig. 5 Implementation of CBMSPWM for grid-connected control of DTBHC

Change in Modulation | ;
Index 1ma)

0.03s 0.048 0.05s 0.08s

(a) Grid-connected closed-loop control in the dg-reference frame, (b)) CBMSPWM with a duty ratio and modulation index variations
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Table 3 Comparison of DTBHC with the conventional topologies

NSI SSi BDHC [15] Proposed

switches 9 6 6 24 9
input dc sources 1 1 1 1 2
input diodes 0 3 1 0 6
inductors 0 1 1 9 2
output ports 2(ac) 2(ac, dc) 2(ac, dc) 2(ac) 3Q2ac,dc)
dc gain 1 1 1 1 1

1-d 1-d 1-2d
ac gain m, *my, m 1 m, 2*7%*my,

2% — 3%\ [3%m, “1-d 2% — 3%[3%m,,

independent control no yes no no yes
different o/p freq. yes no no no yes
efficiency, % 97 93 93 96 95
cost less medium less more medium
rating of switch Vie 2V4e 2V4e Vie 2Vge
cont. i/p current no yes no no yes
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Fig. 6 Simulation results of voltages and currents of upper and lower inverters of DTBHC for various conditions

(a) Phase and line voltage of upper and lower inverters of DTBHC for a given m, = m, = 0.8, d,

along with dc load voltage and current for a given m,| = m = 0.8, d, = d, = 0.38, f,
mg1 =mgp =05, d| =

dy=dy =039, f, = S0Hz, f, = 100Hz

independent control of the DTBHC is achieved using the
CBMSPWM scheme.

2.6 General comparisons of DTBHC with conventional

The proposed DTBHC converter is compared with the
conventional converters such as BDHC, NSI, SSI [15], which are
tabulated in Table 3. The proposed DTBHC converter having the
advantages of lesser active switches count, capacitor and inductors
than other conventional converters. It is used for grid integration of
multiple sources with independent control.

3 Simulation and experimental results

3.1 Simulation results
The DTBHC is simulated using MATLAB/Simulink with
Viacit = Vacio = 50 V. The selection of the inductors and the

capacitor of the DTBHC are based on (21)—(23), the capacitor
voltage-ripple, and inductor current ripples are considered as 5%,

814

=d, =0.38, f; = f, =50Hz, (b) Load currents of upper and lower inverters

= f, = 50Hz, (¢) Phase and line voltage of upper and lower inverters of DTBHC for a given
dy =039, fi =50Hz, f, =100Hz, (d) Load currents of upper and lower inverters along with dc load voltage and current for a given m, = m, = 0.5,

switching frequency is f; = 5kHz. The simulation parameters are
L=L=2mH, C=2000uF, Kp,=13.3, Ki, = 8080,
Kpg. = 0.0648, Kig. =5.93, Kp; =0.0129, Ki; =3.982mH. The
analysis of the proposed DTBHC for various aspects as follows.

3.1.1 Normal operation: Fig. 6a shows the desired phase and line
voltages of upper and lower inverters of the DTBHC for a given
Mgy =myp =08, d=d,=038, and f, =f,=50Hz. It is
observed that the three-level-line-voltage (Vg = Van — Van) with
a peak voltage of 200 V and the five-level-phase-voltage (V)
with a peak voltage of 130 V. The outputs of upper and lower
inverters are connected to grid and local RL-load (200 Q, 1 mH),
respectively. The current drawing by grid and local ac load is
shown in Fig. 6b. The dc load voltage and currents are 200 V and
2 A, respectively, for given dc load of 100 Q.

Another major advantage of the proposed converter is, it can
able to provide variable frequency outputs for variable frequency
drives applications. Figs. 6¢ and d show the voltage and current
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Fig. 7 Simulation results of voltages and currents for input and output variations
(a) Voltages and currents of the grid, ac load, dc load and dc source along with grid frequency for ac and dc load changes, (5) RMS values of voltages and currents of grid, ac load, dc

load and dc source for input voltage variations

waveforms with 50 and 100 Hz available at upper and lower
inverters, respectively.

3.1.2 Ac and dc load changes: The upper inverter of the
DTBHC is connected to the grid through the filter inductor of
Ly=4mH and output voltage having a %THD of 4.2%. The
frequency of the grid is measured through PLL, which is 50 Hz. To
track the ac and dc load changes, closed-loop control is
implemented. Fig. 7a shows the voltages and currents of dc source,
grid, ac load, and dc load. It is observed that the inductor currents
are 20, 25, and 28 A under normal operating conditions (0-0.3 s),
dc load current increment condition (0.3-0.5s), and ac load
increment condition (after 0.5 s), respectively. From the results, it
is observed that the input currents are continuous because of the
continuous switching operations. Because of the closed-loop
operation, whenever the ac/dc load increases/decrease, then
CBMSPWM controller adjusts the m, and d according to that
change to maintain the constant input voltages.

3.1.3 Different input source voltages: To observe the effect of
unequal input source voltages, Vg, = 40V keeping Vyei, = 50V at
one instant and Vi, = 40V keeping Vs = 50V at another instant
has been chosen. Fig. 7b presents the RMS voltage and current of
grid, ac load, dc load, and dc source. It is observed that before 0.5,
1-1.5 and 2-2.5 s the DTBHC operated under normal operation.
During 0.5-1's, Vi, =40V, Vgei» = 50V is considered, and from
1.5t02s, Vgeii =50V, Vaeip = 40V is considered. Because of the
closed-loop control, whenever the input voltage changes, the
CBMSPWM control adjusts m, and d according to change, then the

IET Power Electron., 2020, Vol. 13 Iss. 4, pp. 808-820
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load voltages remain unchanged. However, the change in duty ratio
reflects in inductor current increment.

3.2 Experimental results

A prototype of 800 W proposed DTBHC converter was developed
with power IGBTs (SEMKRON SMKI100GBL2T4) and FPGA
control board (SPARTAN-6 XC6SLX9) as shown in Fig. 8. The
inductors and capacitors are chosen the same as simulation
parameters. The gating pulses to the power IGBTs are produced
using VHDL program.

3.2.1 Normal operation: Fig. 9a gives the phase and line voltages
of upper inverters of the DTBHC for a given Vgci; = Vaeio =50V,
My =myp =08, d=d,=038, and f,=f,=50Hz. It is
observed, the three-level line voltage waveform with a voltage of
200 V and a five-level phase voltage waveform with a voltage of
130 V.

Fig. 95 shows the line voltages of upper and lower inverters
Vas, Vpo, dc load voltage Vo, inductor current iz, waveforms for
a given Vyci; = Vaeio =50V, my, = 0.5, my, =038, d, =d, =0.2,
fi=50Hz, and f,=100Hz. It is observed that the upper and
lower inverter line voltages are 200 V (peak) with loads of 300 W
each and the dc output port is connected to 200 W load at 200 V.
The inductor current is continuous with an amplitude of 6 A. So
that, the proposed converter can able to provide a variable
frequency outputs used for variable frequency drives applications.
As per the CBMSPWM control, for the same output frequencies,
the range of m,, and my, is in between 0 and 1 and for different
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Fig. 8 Experimental setup of the proposed DTBHC
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Fig. 9 Experimental results of voltages and currents of upper and lower inverters of DTBHC for various conditions

(a) 3-¢ line and phase voltages of DTBHC for a given m,; = m,; = 0.8, d; = d, = 0.38, and f| = f, = 50Hz, (b) Output voltages of dc load, upper and lower inverters for a given
my = myy =048, dy =dy=0.35, f; =50Hz, and f, = 100Hz, (¢) Output voltages of dc load, upper and lower inverters for a given m,; = 0.86, m,, = 0.62, d\ = dy = 0.32,
f1=50Hz, and f, = 50Hz, (d) dc load current and inductor current for a given m,; = m,, = 0.8,d; = d, =0.38, and f| = f, = 50Hz

output frequencies, the range of m,, and m,, is in between 0 and
0.5. So, during the different output frequency operations, the
CBMSPWM controller sets the higher duty ratio values to achieve
the rated output voltages.

Fig. 9¢ shows the line voltage of upper and lower as well as dc
load voltage for a given Vyei = Vaeip =50V, my, = 0.86,
Mg =0.62, d=d, =032, f,=50Hz, and f,=50Hz. It is
observed that upper and lower inverters are operating with 50 Hz
frequency with line voltages of 141 V (rms) each and dc load
voltage is 200 V.

Fig. 9d shows the dc load current and continuous current of the
inductor. It is observed that the current passing through the
inductor is discharging and charging, such that the inductor average
current is zero. And, the dc load current is observed as 1 A for a
load of 200 W. The CBMSPWM provides continuous switching
operation across the inductor, such that input currents of DTBHC
are continuous.

The three-phase voltages available at upper and lower inverters
with different frequencies (f, = 50Hz, f, = 100 Hz) are presented
in Figs. 10a and c. Figs. 106 and d show the line currents of upper
inverter (i, i, i) and line currents of lower inverter (i, i, i) for
load of 0.6 A on each, respectively, with f, = 50Hz, f, = 100 Hz.

The closed-loop operation of the proposed converter is
validated experimentally for the following cases:

816

e Case I Sudden load changes.

* Case II: Load cut-oft conditions.

* Case III: Grid voltage reference change.
* Case IV: Different input source voltages.

A detailed explanation of these cases is given below.

3.2.2 Case I: sudden load changes: Figs. 11a and b show the
voltage and current waveforms of the closed-loop operation of the
proposed system during the load changes. This case is
implemented by applying the sudden load on ac output-1 terminal
during the normal operation. By applying 0.5 A ac load on ac
output-1 then the inductor current (ir,), ac load-1 current (i,), and
ac load-2 current (i,) waveforms are observed in Fig. 11a. Fig. 110
shows the voltage waveforms of ac load-1 (V4p), ac load-2 (Vpop),
and dc load (Vy,) during the ac load-1 changes. From Figs. 11a
and b and Table 4, it can be observed that the ac and dc output
voltages are constant during sudden load changes. In this case, the
closed-loop controller maintains the constant output voltage by
adjusting/increasing the inductor duty ratio and inductor current.

3.2.3 Case Il: load cut-off conditions: Fig. 12 shows the current
and voltage waveforms of the inductor, ac load-1, ac load-2 and dc
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Fig. 11 Closed-loop operation of the proposed system under Cases I: AC Load-1 changes
(a) Current waveforms of inductor (iz;), dc load, AC Load-1 (i,), AC Load-2 (i), (b) Voltage waveforms of DC load (Vgco), AC Load-1 (V4p), AC Load-2 (Vpp)

Table 4 Observations during load changes (Case | and Case Il)

Case Input voltages Input currents Output currents Output voltages

Vacir (AVQ)  Vacio (AvQ)  izy (AVG)  in (AVG)  igeo (AVG) i (RmS) i, (RmS) Ve, (Avg)  Vyp (Rms)  Vpp (Rms)
normal 50 50 6.5 6.5 1 0.7 0.7 249 187 178
i 50 50 8 8 1 1.2 0.7 250 189 178
li(a) 50 50 4.5 4.5 1 0 0.7 243 185 177
11(b) 50 50 4.5 4.5 1 0.7 0 247 191 179
1(c) 50 50 4 4 0 0.7 0.7 245 191 178

loads during the ac load-1 cut-off, ac load-2 cut-off and dc load
cut-off conditions, respectively, for the closed-loop operation of the
proposed system. This case is implemented by the removal of any
one of the loads during its normal operation. From Fig. 12 and
Table 4, it is observed that during load cut-off conditions the
closed-loop controller maintains the constant output voltage by
adjusting/decreasing the inductor duty ratio and inductor current.

IET Power Electron., 2020, Vol. 13 Iss. 4, pp. 808-820
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3.2.4 Case llI: grid voltage reference change: Figs. 13a and b
show the voltage waveforms of the closed-loop operation of the
proposed system during grid voltage variations. It is implemented
by increase or decrease the grid voltage reference value(at ac
load-1 port) for a few seconds. Figs. 13a and b represent the ac
load-2 and dc output voltage waveforms during grid voltage
reference change conditions. It is observed the closed-loop
controller maintains the dc-link voltage constant during grid
voltage variations. Because of maintaining the constant dc-link

817

[umod ‘¥ “0T0T ‘€rSYSSLI

:sdpy wouy pap

ASUAIIT suowwo)) aanear) ajqeorjdde ay) £q pauraao3 are saponIE YO asn Jo sa[nI 10§ AIeIqI] SUIUQ A3[TAN UO (SUONIPUOD-PUR-SULIS)/W0d K3[1m KIeIqI[aul[uo//:sdny) suonipuo)) pue suLa, ay 23S *[z70¢/11/L0] uo Areiqry autjuQ A3IA\ 1030311 2y ], K1eiqry [ed1pajy [euoneN £q 86£9°810¢ 12d-191/6+01°01/10p/wod K1



Tek Fevu e Noise Fifter Ot

L N N .r\,-' A

s 10AMIY | m

& 1on @ 10k 'ﬂ_En.ums SA05R | TEFETI

Tek frevy e

- i @ v I 1s |
B 50 an 8V 2tz )

Tek vy F—— Mg Filter Dff
T T T T T

/‘*AAAN.W'&MMMJ\./: iLl

- Fl0ATdY
i et
1Ay

Tiek Provi T Mo Fitter 0t
T - T T

[RPSSS
551416 Halia 546

i i
| R

Tek Pievu = Nosse Fiten 041
T T T T T T T T

&, 50Y
p250%

Tek Pieviy SmEerer, e o Moise Filtes 0
T T T T T T T

Fig. 12 Closed-loop operation of the proposed system under Cases II: load cut-off conditions
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and voltage waveforms during Case II(c): DC load cut-off condition
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Fig. 13 Closed-loop operation of the proposed system under Cases-1II: grid voltage reference change
(a) Voltage waveforms during Case I1I: grid voltage reference increment, () Voltage waveforms during Case III: grid voltage reference decrement

voltage, the voltages at ac load-2 and dc load ports are not
disturbed during the grid voltage variations.

3.2.5 Case |V: different input source voltages: Fig. 14 shows
the waveforms of the input voltages, input currents, output
voltages, and output currents during different input voltages [Case
IV(a), Case IV(b), and Case IV(c)]. It is implemented by selecting
the input voltages (Vicii, Vacia) as 25V, 50V), (50V, 25V).
During all these cases, the observed input voltages, input currents,
output voltages, and output currents are tabulated in Table 5. From
Fig. 14 and Table 5, it is observed the output voltages of ac loads,
dc load maintain almost the same values through the input voltages
are different. Fig. 15 shows the waveforms of the input voltages,
input currents, output voltages, and output currents during single

818

input voltage [Case IV (d) and Case [V(e)]. It is implemented by
selecting the input voltages (Vgci;, Vaciz) as (0V, 50 V) and (50 V,
0 V). From Fig. 15, we can observe that the proposed converter
with single source can produce almost the same dc, ac output
voltages as compared to that of the two source cases.

4 Conclusion

This paper proposed the dual-input triple-output boost hybrid
converter with a CBMSPWM control. It is used to interface the
two dc input sources to two ac loads and one dc load. These dc
input sources can be of the same voltage or different voltages. And
the two boost ac output ports voltages can be of same or different
frequencies. This DTBHC is suitable for a wide range of

IET Power Electron., 2020, Vol. 13 Iss. 4, pp. 808-820
© The Institution of Engineering and Technology 2019

[umod ‘¥ “0T0T ‘€rSYSSLI

:sdpy wouy pap

ASUAIIT suowwo)) aanear) ajqeorjdde ay) £q pauraao3 are saponIE YO asn Jo sa[nI 10§ AIeIqI] SUIUQ A3[TAN UO (SUONIPUOD-PUR-SULIS)/W0d K3[1m KIeIqI[aul[uo//:sdny) suonipuo)) pue suLa, ay 23S *[z70¢/11/L0] uo Areiqry autjuQ A3IA\ 1030311 2y ], K1eiqry [ed1pajy [euoneN £q 86£9°810¢ 12d-191/6+01°01/10p/wod K1



Tek prevy Biaise Fiter 01 Tek stap —— Plotse Fittes Off
| SoVidiv v,c,,ﬂm’?
- S0V /div. \"m‘l!ﬂs" /

At kit
= Iﬂg\!ﬂh‘- ; : 5
- T : " : =
I ) e
g !'.'.U.E—ﬂ,'.-"_t@ |ﬁ "'“"”“'

a
Tk v Wl P Tekrn _ Tigd Meise Tt 011
: V=25V ANE
| e R i B \\ it . L o _V{k“ deo
ik o 1v : Z : i
- i i v

.SI}VJ"dn dm_qm, 17 dei2 v
EB ki i ]

&N”“l'hb."'“”ll'“ \!““ 1““ii - S 8 8 80 .- d PQ
TH10A/iv. L1 wm\ : /\

JjJ_lJlJJJJ_‘JJJJ i l od kg ‘l boibdd lJiI!III (1[I||li E‘,[f ’j'l \ .l.f! ,\/ r |‘ /\ V
: : = L2 \J Yam
[ {10A/div : ] sodiaw ™ V- \_J ¥

T, [T e T 1T R VAP 1 L I st = L =
& v - h“-_""" T v E 0y Emlm ]'_! S0V ]ysu; ]

b
Tk s1p - Hoiie Fiter D71 Tk fun Terd — Meise Fier 011
: ; r AR ESRENAARS AMASERANEL 1ARSAARARE RARSIICTRERANIE -
fB0Vidiv v, _1=;0‘§/ Var  Fasovidiv e T 4Vaeo
LA i
; V, |

ROV R 2“,/ = o 1 Vaaz B I _ M i ! v

mmmwmmmmww_ MMMMMWLM\Wi . !' N A BN BN BN BN AN 4
EL10A/div L1

. . j R N\ f\ ;'\

[WRRR R A nuzuhlbl" J '_‘ll'-' i s & \‘ .l’ v
= 10A/di : : 13 ) \i YaB
Ef lﬂ,\.n'u.‘.]w : . ‘2<l} l!“ \_‘ \S
TESEETT i I |- 250»
lﬂ...“.‘.".{‘. € 0ok [ Jism sozoy | e va AT

c

Fig. 14 Input current and output voltages during different input source voltages (Case 1V)
(a) Voltages and current waveforms for Case-IV(a): V{ci] =50 V & V{ci2 =50V, (b) Voltages and current waveforms for Case-IV(b): Vci1 =25V & V{ci2 =50V, (¢) Voltages

and current waveforms for Case-IV(c): Vici] =50V & V{cip =25V

Table 5 Observations during different input source voltages (Case V)

Case Input voltages Input currents Output voltages Qutput currents
Vacit (AVG)  Vieio (AVG)  ini (AVG) o (AVG)  Vieo (Avg) Vg (RmS) Vg (RMS)  igeo (Avg) i, (Rms) i, (Rms)
IV(a) 50 50 5 5 248 189 178 0.8 0.5 0.5
IV(b) 25 50 8 6 249 188 173 0.8 0.5 0.5
IV(c) 50 25 6 8 248 187 177 0.8 0.5 0.5
1V(d) 0 50 0 10 245 189 171 0.8 0.5 0.5
IV(e) 50 0 10 0 246 187 175 0.8 0.5 0.5
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Fig. 15 Input current and output voltages during single input source voltage (Case 1V)
(a) Voltages and current waveforms for Case-IV(d): Vi1 =0V & V{ci2 =50V, (b) Voltages and current waveforms for Case-IV(e): Vdcil =50 V & V{ci2 =0V

applications like grid integration of renewable sources, variable of proposed converter are multi-input and multi-output operations;
frequency drives, etc. Based on the simulation results, we can it provides dc and ac boost outputs in single conversion stage,
observe that the operation of the grid-connected DTBHC system continuous input current, lesser passive component count, lesser
provides negligible voltage and frequency deviations for the device count and, higher gains, independent control on modulation
variation in the input voltage and load. As a whole, main features index and duty ratio.
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