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Abstract. A new simplification technique is proposed for reducing the large scale dynamic systems to the
small scale dynamic systems by preserving input and output characteristics of the original system. The reduced
order model is obtained using modified time moment matching method and basic mathematical technique. The
reduced order denominator is determined by modified time-moment matching method. The reduced order
numerator parameters are found by basic mathematical technique which is discussed in the proposed methodology. This method guarantees the stability of reduced order models if the original higher order systems are
stable. This method gives close approximation with the original system in both transient and steady state
responses. Moreover, the results show the superior performance of the proposed technique. The performance of
the this technique is evaluated in terms of step and bode responses as well as integral square error (ISE), integral
absolute error (IAE) and integral time absolute error (ITAE). These results are compared with the existing
reduction techniques. Furthermore, the results illustrate the efficiency and effectiveness of the proposed technique. This method is appropriate for both single input single output (SISO) systems and multivariable systems.
Keywords.
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1. Introduction
Mathematical modeling of complex dynamical systems is
an active area of research in control systems. These complex dynamic systems are challenging for analysis, synthesis, and design of a controller. To overcome these
challenges it is necessary to approximate the higher-order
systems (HOS) to the required lower order systems (LOS)
by maintaining all important properties of original HOS
such as steady state response, transient response and the
stability. Unlike the advanced controller design techniques
(linear-quadratic-Gaussian (LQG), H1 control design, lsynthesis and linear matrix inequality (LMI) [1]), the model
order reduction (MOR) techniques facilitates low order
controller even for HOS. The importance of model order
reduction (MOR) is to minimize the computational load,
minimize the hardware complications, and design a wellorganized controller.
Since last four decades the MOR methods were developed in frequency domain, these methods are classified as
conventional reduction methods (CRM), stability protection
*For correspondence

methods (SPM), and mixed reduction methods (MRM). The
CRM consists of methods such as Pade approximation [2],
Time moment-matching [3], Continued fraction expansion
(CFE) [4], etc. Even though these methods are computationally simple and provides good approximation between
the original system and the reduced order models. Sometimes, stability of system is not achieved with these methods. Later SPMs were developed, which are Routh
approximation method [5], Stability equation method [6],
and Differentiation method [7], etc. Further, for the better
approximation of reduced order models, researchers proposed several MRMs to preserve advantages of mixed
methods [8–14]. Pade approximation was introduced by
[15], this method is a powerful frequency domain reduction
method, which has several benefits like retention of initial
time moments, and less computational burden. In [2],
authors have shown that, the Pade approximation method
may give unstable lower order models even though the
higher order model is stable. After that in [16–20] several
mixed reduction methods were developed to avoid the
drawbacks of the Pade approximation.
The Routh array based CFE was introduced in [21],
where Hurwitz algorithm is used to prove that all the zero’s
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of a polynomial have negative real parts if and only if the
determinants of the CFE polynomials of zeros are all positive. Sill this method suffered with heavy computational
complexity. Later Frank [22] extended the work of [21] by
developing a simple algorithm to test stability conditions of
the method without finding roots of the system. Chen et al
[23] proposed Cauer first form by using CFE algorithm
which provides close approximation in transient response
however this method failed to match the steady state
response. After that, Shieh et al [24] presented Cauer second form which gives good approximation in steady state
response but this method may not give good transient
response. In [25] Shieh et al proposed a Cauer third form
with generalized algorithm which is suitable for computer
programming and this method provides better approximation in both steady state and transient responses.
The CFE method is further extended for multivariable systems [26–29], Although these multivariable
methods have some limitations, those are these systems must have equal number of inputs and outputs
for dealing with multivariable systems. Sometimes the
reduced models may give unstable results even original system is stable. To avoid these disadvantages,
Parmar et al [8] proposed a mixed method in which
the simplified numerator is obtained by Cauer second
form and the denominator is achieved by using Eigen
spectrum analysis. The frequency domain reduction
methods were further extended in the interval domain
systems [30–37].
The time moment method was first presented by Paynter
et al [38], it is the concept of matching impulse response of
reduced order model with the original system by preserving
initial time moments. Though theoretically this technique is
easy to understand, but it is computationally heavy to deal
for higher-order systems. Later Lal et al [3] presented a
generalized algorithm, which avoids the computational
difficulties by providing a digital computer compatible
recursive algorithm for calculating time–moments. This
method has many useful features. Still, this method may
produce unstable reduced order models even though the
HOS is stable. Recently, Biradar et al [39] proposed a
mixed method in that the lower order denominator is
achieved by using time moment matching technique and
the lower order numerator is achieved by using big bangbig crunch (BBBC) algorithm. This method provides the
stable reduced order models, but still this method have
some limitations, that is the optimization techniques need
some pre-determinant data and it may give required results
only for some defined conditions and objective functions,
not for all conditions.
In this paper we proposed a new reduction technique
which avoids the stability and computational issues. In
this method the reduced order numerator coefficients are
determined by cross multiplying and comparing the like
s terms of equated original higher-order system and the
reduced order model [40]. The reduced order
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denominator is obtained by using modified time moment
matching method. This technique is computationally
simple and it provides stable reduced order models if the
original systems are stable. This method is equally
applicable for SISO and multivariable systems. Further,
the potency of the proposed method evaluated in terms
of ISE, IAE and ITAE by comparing with other available reduction methods. This method provides better
results compared to other existed popular reduction
techniques [2, 5, 6, 9, 10, 12, 18, 39, 41–56]. Further,
the potency of the proposed method evaluated in terms
of ISE, IAE and ITAE by comparing with other available reduction methods.
The remaining paper organized as follows: In section 2
the problem statement of model order reduction is defined.
In section 3 the description of the proposed method is
explained in detail. In section 4 the method is explained
with illustrative examples and results are presented by
relating with different reduction methods. Finally, we make
concluding remark in section 5.

2. Problem statement of model order reduction
2.1 SISO system
Let G(s) denote the transfer function of a single-input,
single-output (SISO) system, with input n(t), output
d(t) and impulse response g(t). The transfer function
G(s) is defined as GðsÞ ¼ L½gðtÞ. The G(s) is related
to the laplace transform of the output and the input
with zero initial conditions. which is represented as
GðsÞ ¼ NðsÞ
DðsÞ
The nth order HOS transfer function is given as follows,
GðsÞ ¼

N ðsÞ a0 þ a1 s þ a2 s2 þ    þ an1 sn1
¼
;
DðsÞ
b0 þ b1 s þ b2 s 2 þ    þ bn s n

ð1Þ

where a0 ; a1 ;    ; an1 and b0 ; b1 ;    ; bn are the known
numerator and denominator coefficients. Our objective is to
compute an kth ðk  nÞ order LOS transfer function. This is
given below,
Rð s Þ ¼

nðsÞ e0 þ e1 s þ e2 s2 þ    þ ek1 sk1
¼
;
d ðsÞ
d0 þ d1 s þ d2 s 2 þ    þ dk s k

ð2Þ

where e0 ; e1 ;    ; ek1 and d0 ; d1 ;    ; dk are numerator and
denominator unknown coefficients.

2.2 Multivariable system
In general, if a linear system has m inputs and n outputs, the
transfer function is said to be multivariable system. Let us
consider nth order transfer function matrix for multivariable
system is represented as follows
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Aij ðsÞ
;
gij ðsÞ ¼
D n ðsÞ
2
A11 ðsÞ A12 ðsÞ
6 A21 ðsÞ A22 ðsÞ
1 6
6
½GðsÞ ¼
..
.
D n ðsÞ 6
4 ..
.
Am1 ðsÞ Am2 ðsÞ

3
   A1n ðsÞ
ð3Þ
   A2n ðsÞ 7
7
7:
.. 7
..
. 5
.
   Amn ðsÞ

The goal is to obtain reduced kth order transfer function
matrix. The transfer function of kth order system is given as
follows.




Eij ðsÞ
rij ðsÞ ¼
;
Dk ðsÞ
2
3
E11 ðsÞ E12 ðsÞ    E1p ðsÞ
ð4Þ
6 E21 ðsÞ E22 ðsÞ    E2p ðsÞ 7
7
1 6
6
7:
½ Rð s Þ  ¼
.. 7
..
..
.
D k ðsÞ 6
4 ..
. 5
.
.
Eq1 ðsÞ

Eq2 ðsÞ



Eqp ðsÞ

• Step 2: Equation (6) is
following,

 1


c0 ¼  p21

c1 ¼  p31

c2 ¼  p41
 ..
 .

arranged in the array form as

p12

p13



p22
p32

p23
p33




p42
..
.

p43
..
.



ð7Þ

The first and second rows of Eq. (7) are formed from
denominator and numerator coefficients of Eq. (6) and
the remaining rows are constructed by using Eq. (8),
px;y ¼ px1;1 p1;yþ1  px1;yþ1 ;

ð8Þ

where x ¼ 3; 4; 5;    and y ¼ 1; 2; 3;    :
The time-moments are obtained by expanding GðsÞ as
given below,
G ðsÞ ¼

However after knowing the coefficients of higher order
systems, these systems are difficult to analyze and verify
the system properties—like stability. Hence lower order
systems are considered, where the coefficients are
unknown. Then the objective is to determine unknown
coefficients of lower order systems. In the next section, the
proposed methodology is discussed for obtaining these
coefficients.
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1
X

ci si ;

ð9Þ

i¼0

where ci ¼ ð1Þi pj;1 for j ¼ 2; 3; 4; 5    :
The initial-time moments of reduced order model are
obtained by using the coefficient matrix eq. (10),

3. Proposed methodology
In our proposed method, the time-moment matching
method is used to obtain lower order denominator coefficients and a different approach is proposed for obtaining
numerator coefficients. The proposed method is a variant of
time moment matching methods in [3].

ð10Þ
The coefficient matrix Eq. (10) is partitioned into
submatrices and its dimensions are c11 ¼ ðm þ 1Þ 
k; c12 ¼ ðm þ 1Þ  ðm þ 1Þ; c21 ¼ k  k
and
c22 ¼ k  ðm þ 1Þ.
ð11Þ

3.1 Denominator coefficients of LOS
To obtain lower order systems denominator coefficients, the
algorithmic steps are given as follows.
• Step 1: Divide numerator and denominator coefficients
of Eq. (1) with b0
a0

GðsÞ ¼ b0

þ ab10 s þ ab20 s2 þ    þ abn1
sn1
0
1þ

b1
b0

sþ

b2 2
b0 s

þ  þ

bn n
b0 s

;

ð5Þ

• Step 3: The reduced order denominator is obtained as
follows, ½q^1  ¼ ½c21 1 ½c^2  ¼ 1 þ q^12 s þ q^13 s2 þ    þ
q^1k sk The required lower order denominator is written
as
d ðsÞ ¼ d0 þ d1 s þ d2 s2 þ    þ dk sk :

ð12Þ

Equation (5) is rewritten as follows,
GðsÞ ¼

p21 þ p22 s þ p23 s2 þ    þ p2n1 sn1
:
1 þ p12 s þ p13 s2 þ    þ p1n sn

ð6Þ

3.2 Numerator coefficient of LOS
The procedure for obtaining lower order numerator coefficients is as follows,
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• Step 1: Equate both original system Eq. (1) and the
lower order model Eq. (2) as follows,
a0 þ a1 s þ a2 s2 þ    þ an1 sn1
b0 þ b1 s þ b2 s 2    þ bn s n
e0 þ e1 s þ e2 s2 þ    þ ek1 sk1
¼
d0 þ d1 s þ d2 s 2    þ dk s k

ð13Þ

One require the distance between transfer function of
HOS and transfer function of LOS to be small for
better approximation, in other word
2

jjGðsÞ  RðsÞjj  

ð14Þ

for  [ 0:
In general, LOS and HOS are not equal, but when HOS
coefficients are known and denominator coefficients of
LOS are known, the approximation is made by
equating these systems in order to obtain numerator
coefficients of LOS.
• Step 2: The unknown numerator coefficients of LOS
(R(s)) are derived by cross multiplying Eq. (13) and
comparing like powers of s. Thus,
9
a0 d0 ¼ b0 e0
>
>
>
>
=
a0 d1 þ a1 d0 ¼ b0 e1 þ b1 e0
ð15Þ
a0 d2 þ a1 d1 þ a2 d 2 ¼ b0 e 2 þ b1 e 1 þ b2 e 0 >
>
>
>
..
;
.
By solving Eq. (15), the required reduced order
numerator is written as follows,
nðsÞ ¼ e0 þ e1 s þ e2 s2 þ    þ ek1 sk1 :

where yðtÞ and y^ðtÞ are the step responses of original and
reduced order models respectively.
If the time-moment matching method is used for
obtaining reduced order numerator and denominator, then
sometimes it may leads to unstability.
So to overcome this drawback, in this method the timemoment matching method is used only for denominator and
different method is used for numerator.

4. Numerical examples
We considered three examples, in the first two examples we
study SISO systems, and in the last example we study
MIMO systems. The detailed explanation has given in first
example (all steps are provided), in second and third
example the results are given directly, and computation
procedure is same as example 1.
Example 1 The 5th order original system transfer function
[9] is represented as
G 5 ðsÞ ¼

s5

s4 þ 7s3 þ 42s2 þ 142s þ 156
ð20Þ
þ 25s4 þ 258s3 þ 930s2 þ 1441s þ 745

• Step 1: By dividing numerator and denominator of
Eq. (19) with 745, we can get the following transfer
function,
GðsÞ ¼

0:2094 þ 0:1906s þ 0:05638s2 þ 0:00936s3 þ 0:001342s4
1 þ 1:934s þ 1:248s2 þ 0:3463s3 þ 0:03356s4 þ 0:001342s5

ð21Þ

ð16Þ

• Step 2: The time-moments are obtained by arranging
Eq. (20) in Routh array form,

3.3 Performance measure
a21

The performance of the proposed technique is validated
with the help of error indices which are ISE, IAE, and
ITAE.
Z1
ISE :¼

½yðtÞ  y^ðtÞ2 dt

Z1
IAE :¼

ð17Þ

jyðtÞ  y^ðtÞjdt

ð18Þ

tjyðtÞ  y^ðtÞjdt;

ð19Þ

0

Z1
0

a51
a61

0

ITAE :¼

a31
a41



1


¼  0:2094

¼  0:21437

¼  0:20956
¼  0:20086

¼  0:19548

1:934

1:248

0:3463

0:03356

0:1906

0:0563

0:00936

0:001342

0:20503
0:20442

0:06311 0:005685
0:06855

0:001342

0:19298

ð22Þ
Therefore the time moments are obtained by following
Eq. (9),
c0 ¼ ð1Þ0 a21 ¼ 0:2094, c1 ¼ ð1Þ1 a31 ¼ 0:21437,
c2 ¼ ð1Þ2 a41 ¼ 0:20956,
c3 ¼ ð1Þ3 a51 ¼ 0:20086
• Step 3: The required reduced order denominator is
obtained by following Eq. (10)-(12),
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d1
c1 c0 1 c2
¼
d2
c2 c1
c3



0:21437 0:2094
0:20956
¼
0:20956 0:21437
0:20088
  

d1
1:3795
¼
0:4114
d2
Dr ðsÞ ¼ 1 þ 1:3795s þ 0:4114s2 ¼ s2 þ 3:35318s þ 2:43072
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Sikander and Prasad [45] and Narwal and Prasad [46]
which are shown in figures 3 and 4 of example 2. It is
noticed that, the response of the proposed reduced order
model is providing better approximation with the higherorder model compared to the other reduction techniques.
Further, to verify the supremacy of this method, error
indices are measured for proposed reduced order model and

ð23Þ
Further, the required reduced order numerator is calculated
by following Eq. (13)-(15),
Nr ðsÞ ¼ 0:18096s þ 0:50898
Finally, the desired reduced order model is obtained as
R 2 ðsÞ ¼

0:18096s þ 0:50898
:
s2 þ 3:35318s þ 2:43072

The proposed ROM poles are 2:2932 and 1:0600. The
poles of the ROM lie in the left half of the s-plane; hence,
the proposed reduced-order model is stable.
Figures 1 and 2 show the time-frequency domain
response comparisons of original HOS and the reduced
order model of proposed and other reduction method for
example 1. From these response comparisons it is observed
that the proposed reduced order model response gave better
approximation with the original system than the other
reduction method. Further the performance of the proposed
reduced order model is evaluated with the help of ISE, IAE,
and ITAE values by comparing with other well-known
reduction techniques which are tabulated in the table 1. It is
clear that the proposed technique gave least error compared
to other reduction techniques.

Figure 1. Higher-order and lower order models step response
comparisons for example 1.

Example 2 The 8th order original system [55] represented
in transfer function as
40320 þ 185760s þ 222088s2 þ 122664s3
G8 ðsÞ ¼

þ36380s4 þ 5982s5 þ 514s6 þ 18s7
;
40320 þ 109584s þ 118124s2 þ 67284s3
þ22449s4 þ 4536s5 þ 546s6 þ 36s7 þ s8

The desired reduced order model is obtained as follows,
R 2 ðsÞ ¼

15:08999s þ 4:81695
:
s2 þ 5:9894s þ 4:81695

The proposed ROM poles are obtained as 5:0322 and
0:9572. Therefore the poles of the ROM lie in the left half
of the s-plane; hence, the proposed reduced-order model is
stable.
The step and bode plot responses of proposed model is
compared with original and other reduced order models

Figure 2. Higher-order and lower order models bode response
comparisons for example 1.
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Table 1. ISE, IAE, ITAE comparison of proposed and other lower order models for example 1.
Reduction methods
Proposed method
Shamash [2]
Hutton et al [5]
Chen et al [6]
Gutman et al [7]
Prajapati and Prasad [9]
Chen et al [10]
Singh et al [11]
Sikander and Prasad [12]
Pal [17]
Prasad [41]
Shamash [42]
Krishnamurthy and Seshadri [43]
Moore [44]

Transfer function
0:18096sþ0:50898
s2 þ3:35318sþ2:43072
0:1815sþ0:5017
s2 þ3:3199sþ2:3958
0:1782sþ0:1957
s2 þ1:8089sþ0:9352
142sþ156
909:5238s2 þ1441sþ745
2130:041sþ9360:18
5580s2 þ34584sþ44700
0:1783sþ0:1958
s2 þ1:8089sþ0:9352
142:0174sþ156
909:5238s2 þ1441sþ745
91:0389sþ156
770:2174s2 þ1197:6291sþ745
0:007sþ156
909:5238s2 þ1441sþ745
91:1332sþ156
770:2174s2 þ1197:6291sþ745
0:1783sþ0:1957
s2 þ1:8089sþ0:9352
1142sþ156
930s2 þ1441sþ745
133:0285sþ156
770:2174s2 þ1197:6291sþ745
0:1961sþ0:0019
s2 þ0:9295sþ0:0114

ISE

IAE

3:6  106
9:9605  104
9:5694  104
0.0017
0.0381
9:4491  104
0.0017
0.0049
0.10534
0.0049
9:5583  104
0.0021
0.0078
0.30663

2:795  103
0.1161
0.2611
0.2643
1.0222
0.1692
0.2679
0.4844
1.9481
0.4844
0.2610
0.2926
0.6404
15.1664

ITAE
8:832  102
0.698
7.0126
0.7717
1.6766
1.7423
0.9695
1.2745
3.5683
1.2745
7.0126
0.8615
1.7791
47.9

2

3
2ð s þ 5Þ
ðs þ 4Þ
6 ðs þ 1Þðs þ 10Þ ðs þ 2Þðs þ 5Þ 7
7
½GðsÞ ¼ 6
4
5
ðs þ 10Þ
ðs þ 6Þ
ðs þ 1Þðs þ 20Þ ðs þ 2Þðs þ 3Þ


h11 ðsÞ h12 ðsÞ
1
¼
D6 ðsÞ h21 ðsÞ h22 ðsÞ

compared with different existed reduction methods which
are displayed in table 2. It is witnessed that, the suggested
method gave less error value among other existing reduction methods.
Example 3 The 6th order multivariable higher-order
model [44] represented in transfer matrix form,
where

Figure 3. Higher-order and lower order models step response
comparisons for example 2.

Figure 4. Higher-order and lower order models bode diagram
response comparisons for example 2.
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Table 2. Error indices comparison of proposed and other lower order models for example 2.
Reduction methods

Transfer function

ISE

15:08999sþ4:81695
s2 þ5:9894sþ4:81695
1:98955sþ0:43184
s2 þ1:17368sþ0:43184
4½133747200sþ203212800
85049280s2 þ552303360sþ812851200
16:92sþ5:263
s2 þ6:893sþ5:262
3:1084sþ1:0005
0:2075s2 þ1:2434sþ1
155658:6152sþ40320
65520s2 þ75600sþ40320
16:504sþ5:462
s2 þ6:197sþ5:462
15:6184sþ5:0748
s2 þ6:0306sþ5:0748
16:51145sþ5:45971
s2 þ6:19642sþ5:45971
17:0989sþ5:0742
s2 þ6:9722sþ5:1514
17:387sþ5:3743
s2 þ7:091sþ5:3743
24:11429sþ8
s2 þ9sþ8
11:3909sþ4:4357
s2 þ4:2122sþ4:4357
7:0908sþ1:9906
s2 þ3sþ2
17:98561sþ500
2
s þ13:24571sþ500
7:0903sþ1:9907
s2 þ3sþ2

Proposed method
Hutton and Friedland et al [5]
Gutman et al [7]
Sikander and Prasad et al [12]
Biradar et al [39]
Krishnamurthy and Seshadri [43]
Sikander and Prasad [45]
Narwal and Prasad [46]
Viswakarma [47]
Abu Al Nadi et al [48]
Bansal et al [49]
Parmar et al [50]
Mukherjee et al [51]
Mittal et al [52]
Prasad and Pal [53]
Mukherjee and Mishra [54]

IAE

ITAE

1:967  104
1.917
1.376

0.02234
2.677
1.8505

0.07607
6.496
3.645

7:2610  104
3:8124  104
1.6532

0.03966
0.07431
2.9341
0.1971
0.06629
0.2366
0.0982
0.05073
0.1523
0.3359
0.4743
1.8738
1.4743

0.1842
0.1643
6.096
0.384
0.2038
1.3471
0.7192
0.2057
0.3891
0.9475
1.21
2.559
3.509

1:390  102
5:509  104
1:406  102
3:01  103
8:50  104
4:8090  102
5:6897  102
2:689  101
1.4584
0.2689

Table 3. ISE comparison of lower order models for example 3.
R11

Reduction methods
Transfer function
Proposed method
Prajapati and Prasad [9]
Sikander and Prasad [12]
Biradar et al [39]
Sikander and Prasad [45]
Narwal and Prasad [55]
Narwal and Prasad [56]

2:055201sþ10:61571
s2 þ11:60934sþ10:61571
0:9098sþ0:7091
s2 þ1:548sþ0:7091
0:7938sþ0:6181
s2 þ1:34952sþ0:6181
0:2023sþ1
0:10224s2 þ1:10237sþ1
1:0546sþ3:65079
s2 þ4:3374sþ3:65079
1:3276sþ3:0962
s2 þ4:0965sþ3:0965
0:8930sþ0:6181
s2 þ1:3495sþ0:6181

R12
ISE
1:863  109
0.0765
0.001672
7:9115  107
2:02  103
3:802  105
0.001124

R21
Proposed method
Prajapati and Prasad [9]
Sikander and Prasad [12]
Biradar et al [39]
Sikander and Prasad [45]
Narwal and Prasad [55]
Narwal and Prasad [56]

0:7622sþ5:3078
s2 þ11:6093sþ10:6157
0:4373sþ0:3545
s2 þ1:548sþ0:7091
0:3795sþ0:309
s2 þ1:34952sþ0:6181
0:05025sþ0:5
0:05052s2 þ1:0505sþ1
0:43458sþ1:8253
s2 þ4:3374sþ3:65079
0:6116sþ1:5480
s2 þ4:0965sþ3:0965
0:4314sþ0:3091
s2 þ1:3495sþ0:6181

Transfer function
1:0492sþ6:1538
s2 þ9:54615sþ15:3846
0:4916sþ0:2836
s2 þ1:548sþ0:7091
0:4272sþ0:2471
s2 þ1:34952sþ0:6181
0:10084sþ0:4
0:10097s2 þ0:7021sþ1
1:0778sþ1:4603
s2 þ4:3374sþ3:65079
1:0447sþ1:2444
s2 þ4:0965sþ3:0965
0:4517sþ0:2472
s2 þ1:3495sþ0:6181

ISE
1:003  108
0.0595
9:5814  103
1:2766  108
1:097  103
8:779  106
7:312  103

R22
9:331  109
0.0115
3:122  103
5:6205  109
4:27  104
7:585  106
1:942  103

1:0282sþ5:5096
s2 þ4:7013sþ5:5096
1:0753sþ0:7091
s2 þ1:548sþ0:7091
0:9338sþ0:6181
s2 þ1:34952sþ0:6181
0:1676sþ1
0:1673s2 þ0:8343sþ1
1:9035sþ3:6507
s2 þ4:3374sþ3:65079
1:7815sþ3:0960
s2 þ4:0965sþ3:0965
1:0579sþ0:6181
s2 þ1:3495sþ0:6181

5:23  108
0.0812
2:0033  102
8:4009  108
6:107  103
5:969  104
1:117  102
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D6 ðsÞ ¼ ðs þ 20Þðs þ 10Þðs þ 5Þðs þ 3Þðs þ 2Þðs þ 1Þ
¼ 6000 þ 13100s þ 10060s2 þ 3491s3 þ 571s4 þ 41s5 þ s6
h11 ðsÞ ¼ 6000 þ 7700s þ 3610s2 þ 762s3 þ 70s4 þ 2s5
h12 ðsÞ ¼ 2400 þ 4160s þ 2182s2 þ 459s3 þ 38s4 þ s5
h21 ðsÞ ¼ 3000 þ 3700s þ 1650s2 þ 331s3 þ 30s4 þ s5
h22 ðsÞ ¼ 6000 þ 9100s þ 3660s2 þ 601s3 þ 42s4 þ s5

reduced model, the ISE values are measured and compared
with other reduced models [9, 12, 39, 45, 55] and [56]
which are displayed in table 3. From this it is observed that,
the suggested method gave better results compared to other
well-known reduction methods. The accurate approximation of this method also shown graphically in figures 5 and
6 through step and bode diagram responses.

The required lower order model of multivariable system is
obtained by proposed technique which is given in table 3.
Also, to demonstrate the competitiveness of the proposed

(a)

(b)

(c)

(d)

Figure 5. Step response comparison of higher-order and reduced models (a) Gr11 , (b) Gr12 , (c) Gr21 , and (d) Gr22 for example 3.

Sådhanå (2021)46:126

Page 9 of 11

(a)

(b)

(c)

(d)

126

Figure 6. Bode diagram response comparison of higher-order and lower order models (a) Gr11 , (b) Gr12 , (c) Gr21 , and (d) Gr22 for
example 3.

5. Discussion
The effectiveness of the proposed technique is demonstrated with three numerical examples. The examples 1 and
2 are considered for SISO systems. Further, this method
also extended for multivariable system which is demonstrated using example 3. The step and bode diagram
responses are shown in figures 1-6 by comparing original
system and other reduced order model responses. From
these comparisons it is observed that, the proposed technique provided close approximation with original system
responses compared to other reduction techniques. Further,
the efficacy of the proposed technique also examined with
error indices such as ISE, IAE and ITAE by comparing
with other reduction techniques, which are depicted in
table 1-3. From these tables it is clear that, the proposed
technique has provided least error value compared to other
reduction techniques which are available in the literature.
Moreover, the proposed method is computationally simple
and provides stable reduced order models if the original
HOS is stable. Therefore, from the above discussion it is

confirmed that the proposed method produced very much
encouraging results both in graphical responses and qualitative values compared to other renowned reduction
techniques.

6. Conclusion
A new reduction technique is proposed, this method eliminates the drawbacks of the time moment matching method
such as complexity of mathematical calculation and instability of reduced order models. This method is simple in
mathematical computation and it guarantees the stability of
lower order models if the original HOS is stable. This
method provided close approximation with original systems
in both transient and steady state responses. To prove the
effectiveness of this technique, three illustrative examples
are demonstrated for SISO and Multivariable systems. In
future work this method can be explored in discrete-time
domain and controller design system.
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