1 Introduction
Switched mode power systems are by nature Multi-

or more variables to enable flexible operation and
efficient use of a range of sources. Because each input
signal may have an effect on many controlled variable
output signals, these systems include interactions
between the input/output loops. This class comprises
dc-dc converters with multiple inputs. Dual-input and
three-input dc-dc converters include multiple energy
store elements (ranging from 2 to n) [1]. The behavior
of these elements varies depending on the mode,
processing stored energy in a different fashion. The
interactions between inputs and outputs are caused by
this nature. Other elements that also influence
interactions are as follows: (i) The rate at which energy
is stored and released by the inductive and capacitive
elements in different circuit sections; (ii) The duration
of overlaps between different sources feeding different
circuit sections; (iii) The duty ratio and relative phase
position of each switching device; and (iv) Changes in
the circuit configuration caused by different switching
cycle operating modes. Because of this, controlling
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multivariable systems is usually far more challenging
than controlling a single-input, single-output system.

input Multi-output (MIMO), needing control over one Therefore, it's critical to measure the level of

described.
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interaction in order to choose the right input/output
(i/0) pairing and prevent instability in the control loops
while minimizing interactions. Thus, depending on the
i/o paring, a control structure such as centralized
control or decoupled control, decentralized control [2]
can be selected. Thus, in order to design a suitable
controller. Therefore, in order to create an appropriate
controller for MIMO converters, interactions must be

The literature has reported on a number of techniques
for locating and measuring the control loop
interactions [3]. These are divided into two categories:
(a) Interactions based on DC gain and (b) interactions
based on non-DC gain. DC-gain based interaction
measurements are input-output interaction
measurements that are based on the steady-state matrix
or dc-gain of the system. This group includes
Neiderlenski's index ( NI ) and the relative gain array (
RGA) [4]. Two additional categories for the non-dc-
gain based interaction metrics are specific frequency
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range (SFR) based interactions and whole frequency
range (EFR) based interactions. Effective RGA and
RGA number (RGAN) are SFR based interactions.
The Gramian-based interactions are a type of EFR-
based interaction [5]. Examples of Gramian-based
interactions that have been reported in the literature
include the participation matrix (PM ), Hankel
Interaction Index Array (HIIA) and H,-norm (H, —n

) based interactions [6].
Novelty of the paper:

A fourth-order, three-input integrated dc-dc converter
circuit is shown in Fig 1. To make a TIID converter
just integrate two Boost converters and a Buck-Boost
converter using the methods outlined in [7]. By
monitoring the input currents of two separate sources
along with output voltage, the converter is treated as a
three input-three output converter. Therefore, this
work's contribution is the formulation of a dc-dc
converter with three inputs and three outputs, as well
as the use of an average state-space model to represent
the converter. The whole interaction study is carried
out from a multivariable perspective using this model.
Gramian-based metrics are used to systematically
quantify the interactions of the TIID converter.
Therefore, an analysis of the integrated converter's
interactions under parameter modifications [8—13] is
attempted in this article. The effect of parameter
changes on quantifications are graphically depicted.
Gramian based analysis plays crucial role in
determining the impact of inputs on output so as to
determine the type of controller for the converter
systems [14-16]. The suggested controller is yet to be
designed for TIID converter. This converter finds
applications in renewable energy based Electric
Vehicles [17], Microgrid systems [18],[19]. The
Controller suggested by this Gramian analysis can be
designed using different available methods like
adaptive Participation Matrix based H_ control [20],

Optimal multivariable control [21] and online tuning
control methodology [22].

The paper is divided into the following sessions: (i)
mathematical modeling of the TIID Converter, (ii)
quantifying the above interactions while considering
the TIID converter and identifying i/o pairing through
Interaction Metrics (IMs), (iii) computing IMs under
different operating conditions, (iv) illustrating the
impact of parameter variation through IMs, and
finalizing the choice of controller type for the TIID
converter based on the i/o pairing suggested by IMs,
(v) the real time results are shown followed by
Conclusions.
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2 Modeling of TIID Converter

In Fig. 1, the converter for TIID is shown. For this
integrated converter, three distinct voltage sources (
Vg,Vg,and V) are suggested. Furthermore, for

proper load sharing and power continuity, the output
voltage V, and the LVS currents (ij, and 1, which

a-Vgand V) are

regulated. Three duty ratio control signals d,,d, and

are the input currents of V

d, are used in the proposed converter to independently

regulate each of the three switches. As a result, three
different sources of power can supply the load
simultaneously or separately. The duty ratios function
as the governing inputs of the converter. This enables
four different modes of operation to be possible as
shown in fig 2. As a result, each mode of operation's
state space equations evaluates the converter's
dynamics and performance. The input and output
variables are hence functionally dependent on one
another. Hence, this functional dependency is
modelled by a set of transfer functions assembled in
TFM form. To derive the TFM, state-variable model
along with small-signal modelling is implemented in
all the operating modes.

L1 D1
Vgl S1
Vg2 s2
\
o
N } —
s3 D3 | =
Vg3 L3 RO
col o
. -+

Fig. 1. Circuit diagram of the TIID converter

Eqgs (1), (2) give the state-space equations for the four
operational modes, where i=1,2,3,4. The small-signal
modelling of the converter can be generated by
averaging these state equations as indicated in (3) and

applying minor change k to each of the state variables
as indicated in (4). From there, the TFM G as
indicated in (5) is developed in a MATLAB
environment. The detailed modelling is given in [23].
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Fig.2. PWM gating signals for the TIID Converter
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3. Interaction Measures of the

Converter

The TFM obtained in section 2 is used to quantify the
interactions of the TIID converter. There are two
categories to detect and measure the control-loop
interactions: (a) dc-gain based interactions, and (b)
non-dc-gain based interactions. The classification of
interaction measures is listed in Figure 7, and only
Gramian Interaction Metrics (GIMs) are used for the
quantification of the TIID converter's interactions in
this research.
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Interaction Measures (I1Ms)

Dc gain-based IMs BT GlE G et

1Ms

Voo i y

RGA NI RGAN PM HIIA H2-norm

Fig.3. Classification of IMs used in analysis of TIID
Converter.

3.1 Gramian measures:
The basis for the Gramian measures is the
controllability Gramian W, and observability Gramian

W, of each converter subsystem, which are defined as
(8) satisfies equation (7). H,-norm based interactions,

PM and HIIA are a few of the EFR [8] metrics
discussed in this work.

AW, +W,AT + BB =0

(7
AW, +W,A+C'C =0

W, = [eBBTe*'dt , W, = [e*'CTCeMdt (8)
0 0

3.1.1 Hankel Interaction Index Array (HIIA):

Using the Hankel Singular Value (HSV), (7) is utilized
to find the Hankel norm of each subsystem of G . The
Hankel norm of each subsystem of a three-variable
system is organized as a matrix, normalized to produce
HIIA , and then provided as (9) and (10).

IG|,; = \/ T W) )
(5H] = |G, 10)
3G

The pairing in HIIA IM is done as follows: The largest
element in the matrix should be found first, followed
by the elimination of the row and column that
correspond to it. Next, the associated input and output
for this element should be paired. After that, choose
the element that is second highest and match its input
to output. The last element's input and output are
matched.

The Hankel norm, or maximum of HSVs, is the basis
for the HIIA; if certain HSVs are near the maximum
HSV, their significance is not taken into account
during computation. This restriction is addressed by
PM, which takes W, and W, traces into account.
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3.1.2 Participation matrix (PM ):
Equation (11) is used in the definition of PM. In this
case, tr(W W) represents the trace of the subsystem

G

is, the total of the traces of the nine subsystems. The
PM IM pairing rule is the same as the HIIA.

[CD] tr(W;Ws)

and tr(W,W,) represents the converter's trace that

ij>

o= (11)
otr(WW,)

3.1.3 Hz-norm based interactions( H,-norm):
Similar to HIIA, the H2-norm based interaction takes
into account the H,-norm, which is given as (12). To

produce the -norm interaction as in (13), the H, -norm

2
of each sub-system is computed, arranged in a matrix,
and normalized. The -norm can be calculated in two
different ways: (i) using B and W, , (ii) using C and
W, . The H,-norm IM pairing rule is the same as the

HIIA.

IG||, = \/tr(B"W,B) = \/tr(CW,C) (12)
[z H ]IJ ||Gij ||H (13)
2G4,
Table 1. Gramian IMs of TIID Converter
S.no | IMs Matrix Pairing
[0.0288 0.1099 0.0145] |
1 HIIA 0.1348 0.1878 0.1309 | | Diagonal
pairing
10.1499 0.0880 0.1553
[0.0062 0.1047 0.0019 | .
> | pMm 01491 0.1492 0.1620 | | Diagonal
pairing
10.1667 0.0337 0.2265 |
[0.0484 0.1842 0.0242 ] .
3 H,-n || 01289 02105 0.0897| |Diagonal
pairing
10.0918 0.0970 0.1253 |

The TFM of the TIID converter G 1is obtained in
MATLAB environment as given in Appendix (Al) -
(A9). These are used to find the GIMs of TIID
converter and are given in Table 1. Take a look at the
HIIA Matrix in Table 1. The greatest magnitude
element in this instance is 0.1878, and it is located at
(2,2). Hence, the identification of the second
controlling signal comes from the second row and
second column. Pair it with the second controlled
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output, i.e.,d, —i,,. Then, identifying method will

gl”
prevent pairing d, with i ,and V, . Identification from

the second row and second column is satisfied in this
instance. Next, locate element 0.1553, which has the
second largest magnitude. This can be found by going
from the third row to the third column. This implies

the combination of d,—Iy,. Thus, throw out the

second and third columns and the rows. Obviously, the
first output and the first input should be coupled i.e.,
d, —V,. Thus, suggesting diagonal pairing of inputs
and outputs. Similarly, the other two measures also
suggest the same pairing. The block diagram in Fig. 4
illustrates the suggested diagonal controller structure
for this converter system, which is based on the
diagonal elements' greater dominance than the others.
Decentralised/ TID Converter

'
H
'
. |3
SN
+3 Vo
R YA
< '
// :
:
'
1
'
H
'
1

ig2

Vo_ref

:
LS ' .
9 —'—>: ig3
:

Fig.4. De-centralised control structure for TIID

converter.

4. Interaction Measures for Different
Operating Conditions:

Various perturbed situations are taken into account,
and the interaction matrices are calculated for each
potential scenario. A maximum fluctuation in load
resistance of £50% and a maximum variation in source
voltage of £20% are considered. Table 2 tabulates the
interaction matrices for nominal values and under
perturbed conditions. Table 2 shows that each
situation's pairing recommendation is the same as in
the nominal example.
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5. Impact of Parameter Variation on

Interaction Measures:

Plotting of the impact of parameter changes on the
diagonal parts of the interaction matrix is done
separately. This figure aids in the analysis of the
interactions caused by parameter changes and
identifies the crucial parameters that affect the
processing of converter power. The impact of
interactions is to be known when there is a fluctuation

of £20% in parameters L, L,,L, and C,.

5.1. Variation of R versus elements of IMs:

To observe how variations in load resistance (R)
affect interactions, the load resistance is adjusted by
+50%. A graphic representation of each parameter's
impact on the interaction measures ( HIIA, PM and
H, —n) is provided. These can be seen from Fig. 5-

Fig. 7. The numbers show that a few of the interaction
parts vary slightly from one another. The diagonal 10-
pairing is suggested by this graphical illustration.
Although there is a small difference in the diagonal
elements of PM , it has no bearing on the matching
recommendation. Therefore, it may be said that
parameter modification has no effect on the interaction
measurements.

R versus HIIA

0.2 T T
Tbﬁttccccogbbaccctttt & H(1,)P

* H(22)
H(3,3) b

0.15}

0.1

HIIA elements

4 6 8 10 12
R in ohms

Fig. 5. Rvs HIIA's diagonal elements
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R versus PAM
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R versus H2-n
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5.2. L, variation in relation to interaction

matrix elements:

L, variation, which is varied by £20%, is taken into
consideration to examine how it affects interactions. In
Figs. 8-10, the effects of each parameter on the

interaction measures are visually displayed.
L1 versus HIIA
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<
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Fig. 8. L, vs HIIA's diagonal elements
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Table 2. GIMs of TIID Converter at different operating conditions

Parameters HIIA PM H, -norm
Vv, =42 [0.0372 0.0990 0.0232 [0.0171 0.0923 0.0049] [0.0714 0.1662 0.0475]
0.1416 0.1710 0.1364 0.1678 0.1297 0.1700 0.1479 0.1881 0.0989
(20%) 10.1548 0.0783 0.1585 10.1684  0.0294 0.2204 ] 10.0855 0.0867 0.1078]
Vv, =30 [0.0398 0.1187 0.0417 [0.0159 0.1181 0.0245]] [0.0851 0.1665 0.0861]
0.1143 0.1978 0.1163 0.1217 0.1670 0.1506 0.0850 0.1898 0.0912
10.1344  0.0956 0.1415 10.1495 0.0375 0.2150] 10.0851 0.0875 0.1237]
V,, =36 [0.0344 0.1134 0.0433] [0.0106 0.1183 0.0250] [0.0699 0.1719 0.0867 |
0.1205 0.1943 0.1192 0.1246 0.1684 0.1499 0.0877 0.1963 0.0912
101391 0.0907 0.1452 ] 10.1515 0.0380 0.2138 10.0827 0.0904 0.1233 |
V,, =25 [0.0356 0.1012 0.0271] [0.0158 0.0881 0.0072] [0.0689 0.1595 0.0579]
0.1384 0.1726 0.1357 0.1663 0.1256 0.1762 0.1470 0.1824 0.1056
10.1515 0.0811 0.1569 ] 10.1685 0.0283 0.2239 | 10.0862 0.0841 0.1083 ]
V,, =28 [0.0275 0.1149 0.0141] [0.0055 0.1054 0.0018 [0.0506 0.1826 0.0241]
0.1306 0.1918 0.1292 0.1448 0.1492 0.1645 0.1240 0.2084 0.0922
10.1461 0.0926 0.1532 10.1657 0.0335 0.2296 | 10.0942  0.0960 0.1279 |
V,; =20 [0.0308 0.1057 0.0149 [0.0078 0.1075 0.0020] [0.0502 0.1878 0.0241]
0.1390 0.1829 0.1325 0.1526 0.1502 0.1581 0.1323 0.2116 0.0864
10.1538 0.0832 0.1573 ] 10.1662 0.0340 0.2215 | 10.0887 0.0976 0.1212 ]
R=4 [0.0278 0.0992 0.0133 [0.0060 0.0788 0.0016] [0.0480 0.1712 0.0231]
0.1391 0.1905 0.1316 0.1644 0.1400 0.1684 0.1407 0.2065 0.0920
10.1522 0.0909 0.1555 10.1755 0.0312 0.2340 | 10.0943  0.0947 0.1297 |
R=12 [0.0294 0.1142 0.0150 [0.0064 0.1161 0.0020] [0.0490 0.1889 0.0246 |
0.1333 0.1867 0.1306 0.1435 0.1531 0.1589 0.1247 02119 0.0888
(50%) 10.1490 0.0869 0.1551 10.1627 0.0347 0.2226 | 10.0908 0.0978 0.1235]
0.25 L1 versus PAM 5.3. L, variation in relation to interaction
* PAM(1,1) : .
. PAM(22) matrix elements:
0.2¢ PAM(3,3)| | L, variation, which is varied by £20%, is taken into
045 | consideration to examine how it affects interactions. In
' Figs. 11-13, the effects of each parameter on the
o1l | interaction measures are visually displayed.
0.05 1
ucccncboooooocnccooooonncccco.onc
OIDQ"OCQQCOCOO,OOO.OOPO.IIIQIIII.Q.DIIII
135 14 145 15 155 16  1.65
L1 in henrys 107

Fig. 9. L, vs PM 's diagonal elements
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Fig. 10. L, vs H, —n's diagonal elements

L2 versus HIIA
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Fig. 12. L, vs PM 's diagonal elements.
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L2 versus H2-n
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Fig. 13. L, vs H, —n's diagonal elements.

matrix elements:

L, variation, which is varied by +20%, is taken into

consideration to examine how it affects interactions. In
Figs. 14-16, the effects of each parameter on the

interaction measures are visually displayed.

HIIA elements

L3 versus HIIA

0.2
ses seesl o H1,1) PP
* H(2,2)
01520 000s0000s0sssssssssssssssssss * H(3.3)ps
0.1f
0.05
o L L L
1.8 1.9 2 21 2.2
L3 in henrys %1073

Fig. 14. L, vs HIIA's diagonal elements.
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L3 versus PAM
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Fig. 16. L, vs H, —n 's diagonal elements.

L3 in henrys

5.5. C,variation in relation to interaction
matrix elements:

C, variation, which is varied by £20%, is taken into
consideration to examine how it affects interactions. In
Figs. 17-19, the effects of each parameter on the
interaction measures are visually displayed.

CO versus HIIA
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Fig. 17. C, vs HIIA's diagonal elements.

CO0 versus PM
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Fig. 18. C, vs PM 's diagonal elements.

CO0 versus H2-n
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Fig. 19. C, vs H, —n's diagonal elements.

6. Simulations and Experimental Results

Figure 20 shows the test bench, and using RT-LAB
simulation software, the accuracy of the TIID
converter is verified in the MATLAB environment that
is connected to the OPAL4510-RT simulator.
OPALA4510-RT is the name of the Hardware-in-the-
Loop (HIL) testing device [24],[25]. An oscilloscope is
utilized for real-time observations for digital storage
(DSO) and is used to simulate the converter.

The simulated outputs V_, | and duty ratios d,,d,
and d,under nominal operating conditions given in

Table Al are shown in Figs. 21 and 22 respectively.
The corresponding OP4510 HIL Simulation results
measured in DSO are shown in Figs. 23-25,
respectively.
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OP4510 RT
simulator

Fig. 20. OPAL4510-RT Simulator test bench
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7. Conclusion

The Frequency based (Gramian) interaction metrics
(H,—n,HllAand PM) for a Three-Input Integrated

Dc-Dc  (TIID) converter were investigated and
analysed. = Methodologies and  computational
procedures are discussed. An analysis of the TIID
converter's interaction measures is done using
MATLAB programming. The analysis of the 1/O
pairing proposals offered by each measure shows that
they all provide the same type of I/O pairing, which is
diagonal pairing. It was found that the pairing ideas
were always the same as the nominal suggestions after
witnessing the interactions under different operating
conditions. Plots are used to illustrate the effects of
parameter changes on interaction measures. The results
demonstrate that changes in the parameters have no
effect on the interaction measurements. The
experimental findings of the TIID converter are
obtained using the Hardware In Loop (HIL)
environment of the OPAL RT simulator OP4510
integrated with MALTAB.

The future scope of this work is (i) to design
different diagonal controllers for TIID converter as
suggested by Gramian measures, (ii) to analyse the
stability of all the designed closed-loop TIID converter
systems, (iii) the sensitivity analysis is to be carried
out.

APPENDIX

The TIID converter operates on a 48V dc-bus
regulation. Table Al lists the specifications that are
taken into consideration here. With these parameters,
MATLAB calculates the TFM G of the TIID converter
taking into account every mode described in section 2
and provides G as given in (5) from (A1)- (A9).

Table Al: Specifications and Parameter Values

Parameters Value
Vg1, Va2, Vs 36V,30V,24V
V,, Load power P, 48V, 288W
i, 2.5A2A
L.L,L, 150uH,250pH, 20uH
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C, 200uF
Switching frequency f, | S0KHz
10%, 5%

Ai,. AV,

_ —0.3488s" —2.493x10"s’ +1.051x10°s” +5.608x10'*s +1.796x10"

s* +61955° +6.126x10"s? +1.3x10"'s + 2.885x10"
(A1)

_0.6379s" +1.293x10°s’ + 6.573x10°s” + 2.308x10'*s + 6.963x10"
s* +61955* +6.126x107s* +1.3x10'"'s + 2.885x10"
(A2)

_ —0.4423s* —4.073x10*s’ +3.755x10"s + 2.48x10"*s + 8.226x10"
s +61955* +6.126x107s* +1.3x10'"'s +2.885x10"
(A3)

_3.249x10°s’ +2.093x10”s” +1.442x10" s +1.382x10'"°

s*+61955° +6.126x107s” +1.3x10'"'s +2.885x10"
(A4)

_ —4253s’ —7.506x10°s” —3.238x10"s —1.029x10"°
s* +61955° +6.126x107s* +1.3x10"'s + 2.885x10"

(AS)

29495’ +1.943x10°s” —1.899x10"*s —1.215x10'
st +6195s° +6.126x107s” +1.3x10"'s +2.885x10"

(A6)

B 4.446Xx107s* —2.665x10'2s —1.243x10"°
s* +61955° +6.126x10"s* +1.3x10"' s + 2.885x10"

(AT)

—25525* —4.15x10%s* —1.577x10"s —1.4x10"

T 5 161955 +6.126x10'S’ +1.3x10"'s + 2.885x10"
(A8)

~ 1.967x10°s” +1.237x10°s” +1.061x10"s +1.592x10'"°

s* +61955° +6.126x10s” +1.3x10''s +2.885x10"
(A9)
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