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Abstract: Rotor unbalance identification plays a critical role in balancing rotors. In this paper,
concerned with multi-disc and multi-span rotor-bearing systems, two novel algorithms called the
Single Direction Algorithm (SDA) and the Two Orthogonal Direction Algorithm (TODA) are proposed
for identifying rotor unbalance from unbalance responses. A matrix method is proposed to solve
the problem of the equations being non-linear transcendental, there being too many unknown
variables in the equations, and rotor unbalances and bearing coefficients being coupled together.
The unbalance responses at all the eccentric discs are necessary for identifying their unbalances.
Numerical simulations are conducted to validate the proposed methods. Moreover, an adjustment
point is found, and a proper sensor resolution is suggested to achieve high identification accuracy
by means of numerical studies. In addition, the identification accuracy of SDA is better than TODA,
and SDA is more practical and suitable for medium-speed and high-speed rotors. The proposed
algorithms have the flexibility to incorporate any number of bearings and discs and provide a

technique for monitoring rotor unbalance without test runs or external exciters.

Keywords: rotor unbalance; identification; multi-disc; multi-span; rotor-bearing systems

1. Introduction
1.1. Background and Formulation of the Problem

Rotating machines, such as steam turbine generators, turbine compressor units, pumps,
etc., play a critical role in industry and are widely used. The rotor-bearing system (rotor)
is the main element in rotating machines. Rotor unbalance is a typical fault of rotors. It is
inevitable due to errors in manufacturing, installation, and operation. Vibrations and even
sudden breakdowns can be caused because of rotor unbalance. Identifying rotor unbalance
(amplitude and phase angle) is necessary for balancing rotors to reduce vibrations and
ensure the safety of rotating machines. In view of these issues, rotor unbalance estimation,
which is one inverse problem of rotor dynamics, has been an active area of research.

Although rotor unbalance can be estimated so that a rotor can be balanced off-site using
a dynamic balancing machine in the laboratory, complex processes, such as uncovering,
dismantling, and transporting, are required. The whole process is time-consuming and
expensive and is difficult to implement, especially for large rotors. Hence, monitoring
rotor unbalance on-line, by which means balancing time and cost can be reduced, is
very important.

1.2. Literature Survey

Rotor unbalance identification is an old problem. The modal method proposed in
1959 [1,2] and the influence coefficient method proposed in 1964 [3] are the two classical
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techniques used to solve the problem. Although they have been developed by many other
researchers [4-13], test runs are still demanding. For large field rotors, starting and stopping
the machine several times is costly and can reduce its service life [14].

Identifying rotor unbalance without test runs is the current trend [15]. This approach
can be divided into two types: a method with external excitation and a method without
external excitation. For the external excitation method, Bently and Muszynska [16] used
frequency excitation to estimate rotor unbalance as well as bearing coefficients. Hiroshi
lida [17] applied impulse excitation on a double-disc and single-span rotor-bearing system
to identify rotor unbalance as well as the stiffness and damping coefficients of two bearings.
Lou [18,19] estimated rotor unbalance and bearing coefficients using an active magnetic
executor to generate external excitation. However, high-power exciters are necessary for
large rotors and the excitation may damage the rotors.

Consequently, methods that do not require external excitation have been developed.
Aiming at a single-span rotor-bearing system, Shrivastava and Mohanty [20] identified
single-disc unbalance parameters from unbalance responses using an unbalance force
estimation technique. A rotor unbalance estimation method using the joint-input state esti-
mation technique [21] and least-squares technique was proposed [22] to solve the problem
that the required response measurements at different locations on the shaft may not always
be accessible. Yao [23] identified single-disc and double-disc unbalance based on modal
expansion combined with optimisation algorithms. The errors caused by modal expansion
were reduced by an integrated modal expansion inverse problem methodology combined
with an optimisation procedure. Zou [24] developed a double-disc unbalance identification
method using the finite element model combined with augmented Kalman filter algorithms.
While based on the continuous dynamic model and analytical solution methods [25,26],
Wang [27] provided an analytical model-based algorithm to identify single-disc unbalance.
Moreover, some scholars have even tried to estimate rotor unbalance and bearing coeffi-
cients simultaneously without external excitation. Tiwari [28,29] formulated an estimation
algorithm using unbalance responses from three different unbalance configurations for
both clockwise and anti-clockwise rotor rotations. Wang [30] proposed a simultaneous
estimation of the rotor unbalance and bearing coefficients of a continuous single-disc and
single-span rotor-bearing system using the Rayleigh beam model. Jamadar [31] developed
a mathematical model of an unbalanced rotor using dimensional analysis and a rigid rotor
approach. The factorial regression analysis method is used to solve the model. Based on
it, a numerical technique for the detection of unbalance magnitude has been proposed.
Ambur [32] presented an estimation method for unbalance magnitude and phase from
the vibration in frequency domain. Sanches [33] proposed an identification method of
unbalance for a rotor with residual shaft bent based on the finite element method and corre-
lation analysis. Zhang [34] proposed an unbalance identification method for a high-speed
rotor without trial weights based on modal analysis and the modal equivalent principle.
The shortcomings of the above-mentioned methods are that they cannot incorporate any
number of bearings and discs.

Therefore, Bin [14] proposed an approach based on the multi-plane influence coeffi-
cient balancing method for muti-disc and muti-span rotors. Tiwari [35,36] developed an
algorithm to simultaneously estimate the rotor unbalances, four stiffness coefficients, and
four damping coefficients of bearings from impulse responses and run-down responses.
However, test runs or external exciters are required in these studies.

1.3. Scope and Contribution of This Study

Focusing on multi-span and multi-disc rotors, two novel algorithms, called SDA and
TODA, are proposed based on the continuous rotor dynamic analysis method (CRDAM) in
this paper to realize rotor unbalance identification without excitation or test runs. These
algorithms have the flexibility to incorporate any number of bearings and discs. The equa-
tions of the inverse problem, which are developed based on CRDAM using unbalance
responses as inputs, cannot be directly solved to obtain rotor unbalances as the equations
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are non-linear transcendental and there are too many unknown variables. Moreovet, rotor
unbalances and bearing coefficients are coupled together. A matrix method is proposed
to solve the problem and identify rotor unbalance from unbalance responses. Four kinds
of numerical simulations considering sensor resolutions and measurement errors are con-
ducted for the validation. The adjustment point, which can greatly improve identification
accuracy, is found by means of simulations. Proper sensor resolutions are recommended
for engineering applications.

Compared with the methods described in references [14,35,36], SDA and TODA do
not require test runs or external exciters. Compared with other existing methods in the
literature, SDA and TODA can be applied to rotors with any number of bearings and any
number of discs. Moreover, SDA and TODA can not only be used for rotors with rolling
bearings but also for rotors supported by oil journal bearings. The proposed methods
provide a technique for on-line monitoring of the rotor unbalances of multi-bearing and
multi-disc rotors without using test runs or external exciters.

1.4. Organization of the Paper

Section 1 describes the background, the formulation of the problem, the literature, and
the scope and contribution of this study. Section 2 discusses the derivation process of the
proposed algorithms. Section 3 describes the numerical investigations for examining the
algorithms and presents the discussion of the simulation results. Section 4 summarizes the
conclusions of the study.

2. Theory
2.1. Revisting the CRDAM

There are m discs and n bearings in the rotor shown in Figure 1. The unbalance
response of any position on the rotor shaft can be expressed as a function of position,
rotor unbalance, and bearing stiffness and damping coefficients, according to the CRDAM.
Equations (1) and (2) represent the dimensionless form of the unbalance response in the
frequency domain.

m
U(q) = { 4;1 [71 My cw? - e (sintxj —j-cos rx]-> +w?- migL - Ujd] - Gy (q, qjd>
) ! Lo
- jEl L<k1’f~w Vijo + Kjjyy + Ujjo + 10 Gy Vi +1- - Cjjigy - Ujfb) Gu (‘i' ‘h‘fb) } ET
m
Vig) = { 'Zl [n My - w? - e (coszxj +i- sinoc]-> +w? - mjgL - de] Go (q, q]-d>
]:
()

n
*].].21 L(kff-xx “Vije + Kjjxy - Ujjo + 1 W G Vijp +1 -0 Cjgy - Ufjb>Gv (q, %’jb) }ELI
where U(q) and V(q) are the dimensionless unbalance response in the frequency domain
along the y-axis and x-axis, respectively; m;, are the eccentric masses of #j disc; ¢; is
the eccentric distance of #j disc; ; are the eccentric angles, which are defined as the
angles between the x-axis and the eccentric position in the direction of rotation; m;; are
the masses of #j disc; w is the rotation frequency; L is the length of the shaft; E is the
elastic modulus of the shaft; I is the diametric shaft cross-sectional geometric moment of
inertia; kjj.xx, Kjj.xy, kjj.yx, and kjj.,,, are the stiffness coefficients of #;j bearings respectively;
Cjjxxs Cjjxys Cjjyx, and Cjjyy are the damping coefficients of #jj bearing, respectively; z
is the axial position of the shaft; zjq are the z coordinate positions of each disc; zjjp 18
the z coordinate position of each bearing; g, g4, and g;;, are their dimensionless values;

q=1z/L,qja =zja/L, qjjp = zjjp/ L; Gu (‘7/ %‘d>/ Gu (‘% %’jb)/ Go (q, %‘d)/ and Gy (’7/ qjjb) are
Green'’s coefficients, which can be calculated using Green’s functions G, (g, q;) and G,(q, 9;);
and Green'’s functions G, (g, 9;) and Gy(q, ¢;) can be found in reference [30]. Further, Ujy
represents the dimensionless unbalance response of each disc in the frequency domain in
the y direction; Vj; represents the dimensionless unbalance response of each disc in the
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frequency domain in the x direction; Uj;;, represents the dimensionless unbalance response
of each bearing in the frequency domain in the y direction; Vjj, represents the dimensionless
unbalance response of each bearing in the frequency domain in the x direction.

/W
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Zia Z(jj+1)b Zn-1)b| Zma n

Kij  CGitDb) K(jj+1)b Cn- Kni  Cn Kn

Figure 1. A multi-disc and multi-span rotor-bearing system.

2.2. Single Direction Algorithm

Identification of rotor unbalance amplitude mj, - ¢; and angle 4, is the inverse problem
of the CRDAM. According to Equations (1) and (2), the relationships between unbalance
response and rotor unbalance and the bearing coefficients are non-linear transcendental,
although the eight stiffness and damping coefficients of the bearing are linearized. As
the number of bearings and discs are unknown, the numbers of equations and unknown
variables are also unknown. Moreover, rotor unbalance and bearing coefficients are coupled
together according to Equations (1) and (2). Although enough equations can be obtained
by using the unbalance responses as inputs and considering rotor unbalances and bearings
coefficients as unknown variables, they cannot be solved directly to obtain the unknown
variables (amplitude and angle of rotor unbalance) due to the non-linear transcendental
equations, the unfixed number of equations, and the unknown variables. Hence, it is
proposed that Equation (1) is written in matrix form as follows:

Gu(q,q14) T 7T w? - myyer - (sinag —i-cosay) + L-w? - myyUy
U -El _ | Gu(q,qma) | | 70w ey - (sinay —i-cosam) + L - w* - yqUpg 3)
L2 Gy (q, qlb) -L- kls-yx “Vip—L- kls-yy Uy
Gy (‘1, qnb) —L- kns~yx Vi — L~ knslyy Uy m+n

m + n equations can be obtained based on Equation (3) by using m 4 n unbalance
responses as inputs. There are two unknown variables (amplitude and angle) for a disc’s
unbalance. Moreover, the eight coefficients of a bearing are also unknown. Hence, there
are 2 - m + 8 - n unknown variables for a rotor with m discs and n bearings, while only
m + n equations exist. The greatest difficulty is due to the fact that the relationship among
these variables is non-linear transcendental. A direct solution is not feasible. Therefore, by
writing the m + n equations in matrix form, Equation (4) can be obtained as the following:

U(q1s) 7T w? - myyey - (sinag —i-cosay) + L-w? - myylUy
EI U(qms) T B W2 - Myl - (sinay, —i-cosay) + L-w? - mygUpyg 4)
L2 u(q(m+1)5) 1 —L- leAyx -Vip—L- kls-yy -Uyy
L U<q(nz+n)s) ] -L- kns-yx «Vap —L- kns-yy “Upp m4n

where q15, ..., Gms and G 1)s, - - - + G (m+n)s are the dimensionless values of locations on the
shaft excluding the locations of all discs and bearings; U(q1s), ... , U(gms) and U (’7(m+1)s) ,
cey U(q(m +n)s) are the measured dimensionless unbalance responses in the frequency
domain in the y direction of locations, excluding all discs and bearings; the number of
U(q1s), ---, U(qms) is m and the number of U(q(mH)S), e U(q(mM)S) isn; Hy is a
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(m +n) x (m + n) matrix and can be calculated using Green’s functions G, (g, 4;) as long
as the locations of the measuring points, the bearings, and the discs are known; Hj is as

follows:
Gu(‘]ls/‘hd) T Gu(q1s, 9ma) Gu(q1s, 91) T Gu(q1s,Gnp)
Gu( qms/’hd) T Gu(qms, Gma) Gu(qms, 91p) e Gu(qms, Gnb)
Hy = Gu (q m+1 sz‘hd) o Gy (q(m+1)srqmd> Gu (q(m+1)s'q1b) G <Q(m+1)srq;1b>
Gu (Q(m+n )s qld) o Gy (q(m+n)sl qmd) Gu (q(ern)sl qlb) G (q("lJF”)S’q"b) 4 (m+n) % (m+n)
Equation (5) can be obtained according to Equation (4).
7T w? - mygeq - (sinag —i-cosay) + L-w? - mygly (715)
2 : . 2 U(qms)
T W* - My - (SIN &y — 1 - COS ) + L - w* - mygUypg —E~H_1 5)
—L- klsiyx -Vip —L- kls-yy - Uqy 12 ! u(q(m+1)s)
. LKy« Vo = L+ Fnsoyy - Unp Lt i u(q(ern)S) |

The right side of Equation (5) is known. Define H; as following.

u(qls)

L u<q(m+n)s> i
Equation (6) is obtained according to Equation (5).

7T w? - myyer - (sinag —i-cosay) + L-w? - myglyy = Hy(1,1)

: (6)
T W2 - Myl - (sinay —i-cosay) + L-w? - myugl,y = Hy(m,1)
According to Equations (6) and (7) is obtained.
LR
myyer - (sinap —i-cosay) = [F2(11) HL:; alh]
@)
—L-w?.
MoiCrs - (Sin[xm . 1 . Cos (Xm) _ [Hz(m,l) 75;2}2 mmdumd]
According to Equations (7)—(9) are obtained.
—L-w?.
myeq = ‘ [Ha(11) nL;Uz m1Ung]

®)

_ [Hz(m,l)—L~w2~mmdumd]
Mmu€m = P
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EI

Hy(1,1)—L-w?-my Uy
Hy(1,1)—L-w?-myqUyg]|

sinwy —i-cosay =

: ©)
Hz(m/l)fL‘wz‘mmdumd]

Sinw,; —1-CcoS&; =
" " Hz(mxl)fL‘wz‘mmdumd|

Equation (8) is the amplitude of rotor unbalance for each eccentric disc. Moreover,
according to Equations (9) and (10) can be obtained, by means of which the angle of rotor
unbalance for each eccentric disc can be calculated.

X1 = angle (lmag( [Hz(l'l)iL'wz'mlduld] ) + 1 . real( [Hz(l'l)iL'wz'mlduld] ))

T-w? 7T-w?

(10)

ay, = angle (—imag ( [HZ(mrl)i;,Jzz.mmdumd]) +i- real( [HZ(m/l)i;f..Zzz.deumd} ))
where angle () is the function used to obtain the angle of a complex number, real ( ) is the
real part of a complex number, and imag () is the imaginary part of a complex number.

Hence, the amplitude and angle of each eccentric disc’s unbalance can be calculated
based on Equations (8) and (10), in which the unbalance responses in the y direction are
required as inputs. According to Equations (4) and (5), the matrix H, in Equations (8) and
(10) can be calculated using m + n unbalance responses as inputs. The unbalance response
of the eccentric disc whose unbalance is to be identified must be measured according to
Equation (7). Hence, the total number of input unbalance responses is equal to m + n + 1.
To identify all the eccentric discs” unbalances simultaneously, the unbalance responses of
all the discs should be included.

Similarly, Equation (11) can be obtained according to Equation (2) in the x direction.

T
Go(4,914) i n-wz-mul~61~(cosocl+i~sin¢x1)+w2~m1dL-V1d
Go(q, Gma) n-wz-mmu~em-(cosam+i~sin¢xm)+w2-mmdL-de (1)
Go(q,q1p) —L - kisoyUsp — L psx Vip

L Gy (q, Q(m-&-n)b) ] L —L- kns-xyunb — L - knys.xx Vi dan

m + n equations can be obtained based on Equation (11) using the unbalance responses
as inputs and considering rotor unbalances and bearing coefficients as unknown variables.
Equation (12) can be obtained by writing the equations in matrix form.

V(gis) ] [T w?myy ey - (cosoc1+i-sino<1)+w2'm1dL-V1d ]

V(qms) .. TT- W My - €y + (COS &y + 1 - 8N &) + W2 - Mgl - Vi 12)
V<q(m+l)s) ’ —L- kls'xyulb — L kisxx Vip

V(qns) | L -L- kns~xyunb —L- kns~xx nb -

where V(q15), ..., V(qms) and V(q<m+1)5), ey V(q(ern)s) are the measured dimension-
less unbalance responses in the frequency domain in the y direction of locations, exclud-
ing the discs and bearings; the number of V(qi5), ..., V(qms) is m and the number of

V(q(m+1)s>/ ..., V(qns)is n; Hyisa (m + n) x (m + n) matrix and can be calculated using

Green’s functions Gy (g, 4;) as long as the locations of the measuring points, the bearings,
and the discs are known; Hj is as follows:
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Go(is,q1a) -+ Golq1s,Gma) Go(q1s,q6) =+ Go(d1s, Gmp)
H Gv(ﬂms: Qld) Go(qms, Gma) Gv(ﬂms/ 91p) Go(qms, Gup)
> Go (q(erl)SI qld) Go (q(erl)s/ de) Go (‘7(m+1)s/ q1b> Go (q(erl)S/ qnb)
L Go(qns, q1d) Go(qns, qma) Go(qns, q1b) Go(qns, Gnp) i
Hence, Equation (13) is obtained.
T-w? o myy e - (cosaq +i-sinay) +w? mygL-Vig ] [ Vigs)
T W My - ey + (COS &y + 1 - Sin ) + W2 - Mgl - Vg _EI 1 V(qms) (13)
—L - kis.xyUrp — L - k1522 V1 rze V(ﬂ(mﬂ)s)
L —L- kns-xyunh — L kns.xx Vip 4 tn L V(qns) ]
Define Hy as following.
V(gs)
EIl V(qms)
Hy= — -Hy !
* L2 > V<q(m+1)s)
L V(f]ns) J
According to Equations (13) and (14) can be obtained.
7T w? -y ey - (cosaq +i-sinay) +w? - mygL - Vig = Hy(1,1)
: (14)
TC- W2 - My - € - (COS Ay +1 - sinayy,) +w? mygl - Vg = Hy(m,1)
According to Equations (14) and (15) can be obtained.
w2 L
myp e - (cosaq +i-sinag) = [Fa(1) :w;ﬁdL Vid)
(15)

[H4(m,1)—wz~mmdL~de]
Tw?

My - €+ (COS Ay 4 - SiN ) =

According to Equations (15)—(17) are obtained, by means of which the amplitude
and angle of the rotor unbalance can be calculated. The unbalance responses in the x
direction are used as inputs. To calculate the matrix Hy, the number of measured unbalance
responses should be m + n according to Equations (12) and (13). To identify an eccentric
disc’s unbalance, its unbalance response should also be measured. Therefore, the total
amount of the measured unbalance responses is 7 + 1 + 1 and the unbalance responses of
all the discs should be measured in order to estimate all the eccentric discs” unbalances.

[H4(1,1)—Zl)2~m1dL~V1d]
w?

myy - €1 =

(16)

[H4 (m,l)fwz-mmdL-de}
Tw?

My * €m =
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w2 L
xp = angle < [Hs(L) :wzmML Vld])
: (17)
w2 .
am = angle ( [Ha(m) :wgnmdL Vo] )
2.3. Two Orthogonal Direction Algorithms
According to Equations (6) and (14), Equation (18) can be obtained.
Hy(1,1)—m-w?-my,ey-(sinay—i-cosay) _ Uy _ C
Hy(LD)— w2y e (cosas+isinay) - Vig 14
: (18)
Hz(m,l)*ﬂf'wz'mmuem'(Sinlxm*i'cosam) _ Upg _ C
Hy(m )= w My e (COS dm+i-sinay) Vg 4
cX1 = myueq - sinwg
ClY1 = mqyye€q * COS i1
Let : . According to Equations (18) and (19) is obtained.
CXmy = My + Sil’l K
CYm = My - COS Uy
Hy(1,1) — 7t -w? - (cxy —i-cyp) = Cig- Hy(1,1) — Cig- 7- w? - myy -e1 - (cyp +i-cxq)
: (19)

Hy(m, 1) — 7t w? - (cxpy — i~ cYym) = Cpug - Hy(m, 1) — Cypg - 70 - w? - (CYp +1 - CXy)

In Equation (19), Hy(1,1) - -- Hy(m, 1), Hy(1,1) - - - Hy(m,1),C14 - - - Cppy are complex
numbers and the others are real numbers. According to Equations (19) and (20) can
be obtained.

S { —(1+iCyyq) rCiq } _ { cxp ] _ [ r(C1aHa(1,1)) —rHp(1,1) ]
rCig (14iCyq) cy1 i(C1gHa(1,1)) — iHa(1,1)
: (20)
e R I B e Uil
Cond (1+iCpq) CYm i(CpuaHa(m, 1)) — iHy(m, 1)
where rHy(1,1) - - - rHp(m,1),rHy(1,1) - - - ¥Hy(m,1),7rCqy - - - rCpyy are the real parts of the
above-mentioned complex number; and iHp(1,1)---iHp(m,1),iH4(1,1)---iH4(m,1),
iCyq - - - iCpyq are the imaginary parts of the above-mentioned complex number.
Hence, Equation (21) is obtained according to Equation (20).

m
m

[cxl}_ . [(1+ic1d) rCuq )}1[4%1{4(1,1))eru,l)]

cyp | me? rCiq (1+iCyy i(C1gHy(1,1)) — iHp(1,1)
: (21)
) -1
Ctm | _ 1 —(1+4iCpg) rCoud r(CpgHy(m, 1)) —rHy(m, 1)
CYm rw? rCpnd (1+iCpa) i(CpgHy(m,1)) —iHp(m, 1)
The amplitude and angle of the rotor unbalance are:
myye; = abs(cy; +1i-cxq)
a = angle(cy; +1i-cxq)
: (22)

My = abs(ClYp + 1 - cxXpy)
ay = angle(cym +1i - cxm)
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,W

where abs() is the function used to obtain the module of a complex number and angle() is
the function used to obtain the angle of a complex number.

Therefore, the amplitude and angle of each eccentric disc’s unbalance can be calculated
based on Equations (21) and (22). There should be m + n unbalance responses in both the x
and y directions to obtain the matrix Hy and Hjy. If an eccentric disc’s unbalance is to be
identified, its unbalance responses in both the x and y directions are required according
to Equation (18). Hence, there should be m + n + 1 measured unbalance responses in the
two orthogonal directions. To identify all the eccentric discs” unbalances, the unbalance
responses of the measured eccentric discs must be included.

2.4. Identification Procedures of the Two Algorithms

The identification procedures used in SDA and TODA to estimate the rotor unbalances
(my;j - ej, a;) of all discs are defined in Figure 2.

Multi-disc and multi- span
and rotor-bearing system

| ‘ i]b |Zld| iib iib | Zjd| Z‘Hl)h in—l)b Zmd nb

sensor

Rotor’s Positions of Positions of Rotor’s
inherent || measured |[w|¥" Yans Y-ns Yo [ Yo pcasured |[w|| inherent
parameters points Xis Xii+ns X@-ns Xns | X@+ns points parameters
* Yma
Xmd +—¢
y A l A4 v
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v

v ¥
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¥ SDA L 2 ¥

using Eq.(8) and Eq.(10)

Calculate rotor unbalance (m;,-e;,, a) TODA Calculate rotor unbalance SDA

| Calculate rotor unbalance (m;,e;,, a) using Eqs.(20-21) | (M€, 2) using Eqs.(16-17)

Figure 2. Identification procedures of SDA and TODA.

Firstly, each disc’s unbalance response and the other 7 + 1 unbalance responses should
be measured and changed to dimensionless unbalance responses in the frequency domain
according to Equation (23). Meanwhile, the rotating speed should also be measured. The
inherent parameters, which are the length of the shaft, the mass per unit length of the rotor
shaft, the elastic modulus of the shaft, and the diameter of the shaft, should be known, as
prior knowledge and the location of the selected measured points on the shaft should also
be used as inputs.

Secondly, the matrix H; and Hj could be calculated according to Equations (4) and (12),
respectively. Then, Hp and Hy can be calculated according to Equations (5) and Equation
(13), respectively.

Thirdly, using H, and the dimensionless unbalance responses in the y direction in fre-
quency domain obtained in the first step, each disc’s unbalance can be calculated according
to Equations (8) and (10). Or, using Hy and the dimensionless unbalance responses in the x
direction in the frequency domain obtained in the first step, each disc’s unbalance can be
calculated according to Equations (16) and (17). This is the identification procedure used
in SDA. While for TODA, Cy4, ... ... , Cing should be calculated using the dimensionless
unbalance responses in the frequency domain in both the x and y directions according to
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Equation (18). Then, using Hy and Hy, all rotor unbalances can be calculated based on
Equations (20) and (21).

A .
up = H[cos(zx) +i-sin(a)] (23)

where UD is the dimensionless unbalance response in the frequency domain; and A and «
are the amplitude and phase of the unbalance responses in the time domain, respectively.

3. Numerical Simulations and Discussion
3.1. Methodology of the Numerical Simulations

The numerical simulations were conducted to validate the proposed methods by
comparing the identified rotor unbalances with the set value of rotor unbalances.

As shown in Figures 3 and 4, six computational examples, which represent single-
span and single-disc rotors (g1.1, h1.1), single-span and four-disc rotors (g1.4, h1.4), and
four-span and four-disc rotors (g4.4, h4.4) are used in the simulation. The rotors gl1.1, g1.4,
and g4.4 are supported by rolling bearings, and h1.1, h1.4, and h4.4 are sustained by oil
journal bearings. The parameters of the rotors are summarized in Tables 1-6. The positions
of each bearing and disc on the shaft are shown in Figures 3 and 4. There are 121 nodes in
the rotors in Figure 3 by dividing the shaft into 120 segments equally. There are 61 nodes in
the rotors in Figure 4 by dividing the shaft into 60 segments equally. All the nodes, where
the bearings and the discs located, are chosen for calculating simulated unbalance response
by the CRDAM. Moreover, besides the above points, any other point on the shaft is also
chosen in the simulation.

#1
#1 #2
1 A A 121
15 &1 90
(a)
#1 #2 #3 #4
#1 #2
1 A A 121
15 21 41 61 81 20
(b)
#1 #2 #3 #4
#1 #2 #3 #4 #5 #6 #7 #8
1 A AA | AA JAA A 121
15 51 3032 41 5052 447072 g 90

(c)

Figure 3. Rotors supported by rolling bearings: (a) single-span single-disc rotor (g1.1); (b) single-span
four-disc rotor (g1.4); (c) four-span four-disc rotor (g4.4).

#1
#1 #2
1T A A 61
(a)
#1 #2 #3 #4
#1 #2
T A A 61
3 11 21 31 41 47
(b)
#1 #2 #3 #4
#1 #2 #3 #4 #5 W #6 #7 #8
T A AA A 61
3 11 1719 21 27 29 3137 3941 47

(c)

Figure 4. Rotors supported by oil journal bearings: (a) single-span single-disc rotor (hl.1);
(b) single-span four-disc rotor (h1.4); (c) four-span four-disc rotor (h4.4).
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Table 1. Meanings of symbols in the computational example of the rotor.

Parameter Meaning
r_shaft Radius of the shaft
p_shaft Density of the shaft
E_shaft Elastic modulus of the shaft
L_shaft Length of the shaft
r_disc Radius of the disc
p_disc Density of the disc
E_disc Elastic modulus of the disc
L_disc Width of the disc
Table 2. Parameters of the rotor shafts in the rotors.
Parameter Value Parameter Value
r_shaft of rotor g1.1, _3 3
¢1.4and ghd 10 x 107> m L_shaft of the rotor g1.4 1200 x 107> m
r_shaft of rotor h1.1, _3 _3
h14 and hd 4 15 x 107° m L_shaft of the rotor g4.4 1600 x 107> m
p_shaft 7800 kgm 3 L_shaft of the rotor h1.1 1400 x 1073 m
E_shaft 2.1 x 10! Pa L_shaft of the rotor h1.4 1400 x 1073 m
L_shaft of the rotor g1.1 800 x 1073 m L_shaft of the rotor h4.4 3600 x 103 m
Table 3. Parameters of the eccentric discs in the rotors gl1.1, gl.4, and g4.4.
Parameter Value Parameter Value Parameter Value
M1y 0.12031 kg Moy, 0.15kg M3y 0.01 kg
e 50 x 1073 m e 10 x 103 m e3 20 x 1073 m
o 225° o 120° a3 —120°
. . 3 p_disc of of 3
My 0.10 kg r_disc of #1 disc 60 x 107> m #1~#4 disc 7800 kgm
. E_disc of of
-3 - -3 | 11
ey 15x 10> m r_disc of #2~#4 50 x 10™° m #1~#4 disc 2.1 x 10** Pa
a4 —170° L_disc of of #1~#4 disc 10 x 103 m
Table 4. Parameters of the eccentric discs in the rotors hl.1, h1.4, and h4.4.
Parameter Value Parameter Value Parameter Value
myy 0.05 kg Moy, 0.15kg M3y 0.01 kg
el 30 x 103 m e 10 X103 m e3 20 x 1073 m
®q 45° ay 90° a3 170°
r_disc of #1-4 _3 p_disc of of _3
Myy 0.10kg disc 50 x 107° m 184 disc 7800 kgm
L_disc of of
-3 _ -3
ey 15x 1072 m #1~#4 disc 10 x 107> m
o E_disc of of 1
oy —170 #1-#4 disc 2.1 x 10** Pa

Four kinds of numerical simulations were conducted. Firstly, the simulated unbalance
responses calculated by the CRDAM were directly fed into SDA and TODA to estimate ro-
tor unbalances. Secondly, a similar identification exercise was performed by contaminating
simulated unbalance responses by the set measured error. The relative error for the unbal-
ance response amplitude was 5% and the absolute error for the unbalance response angle
was 5°. Thirdly, the resolution of the vibration displacement sensor should be considered
when measuring the unbalance response. Hence, identification exercises were performed
by contaminating simulated unbalance responses at a resolution of 0.1 nm, which is the
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highest used at present. Finally, identification exercises were performed considering four
kinds of typical sensor resolution (0.1 nm, 1 nm, 0.1 um, and 1 um). By limiting the number
of digits after the decimal point in the unbalance responses, the resolutions of unbalance
response measurement systems are considered.

In the above simulations, the calculation frequency was from 1 to 2001 Hz and the
interval was 2 Hz. The relative error for the identified rotor unbalance amplitude to the set
rotor unbalance amplitude and the absolute error for the identified rotor unbalance angle to
the set rotor unbalance angle were used for the analysis of the simulation results. Moreover,
the statistical results of the allowable frequency points (AFPs), at which the identification
error for the rotor unbalance amplitude was less than 20% and the rotor unbalance angle
was less than 10°, were obtained.

In addition, as shown in Figure 2, SDA includes two algorithms which are represented
by Equations (8), (10), (16), and (17), respectively. The difference between them is that
one requires unbalance responses in the y direction as input and the other uses unbalance
responses in the x direction. They can be considered the same algorithm. Hence, for SDA,
only Equations (8) and (10), which require unbalance responses in the y direction, are
validated by the simulations.

Table 5. Parameters of the eight oil journal bearings in the rotors.

Parameter Value Parameter Value
) i i 3x10° 0.6 x 10°
kl-xx kl-xy |: 9 x 106 1 x 106 :| N/m k2-xx k2<xy { ~15 x 106 1 % 106 }
| kiyx Ky —6x10° 4 x10° | koyx Koy | N/m
) 8x10° —1x10° i . 1x10° —14x10°
Clax  Clay [ -1x10° 10x10° } C2xx 2y [ —14x10° 15x10° ]
[ Clyx  Clyy N-s/m L C2yx  C2.yy | N-s/m
i 4 % 10° 7 x 10° i . 45x10° 09 x 100
kxx Kaxy { ~1.6x10° 1.1 x 10° } kpxx Koy { —2x10° 1.4 x10° }
| k3yx K3y N/m | Kayx kayy | N/m
) 2 x 10° —15x 10° i ) 1x10° —2x10°
C3xx  C3xy [ -15x10° 1.6 x10° } Caxx  Chxy { -2x10° 2x10° ]
L C3yx  C3-yy N-s/m | Cayx Cadyy | N-s/m
) 5x10°  1.5x10° i .
k5.xx k5.xy |: _25x% 106 2 % 106 :| k@xx k6-Xy |: 3 X 106 1x 106 :| N/m
| ksyx ks N/m | keyx Koy | —1x10% 4x10°
) 2x10° —3x10° } ) 1x10°  —0.6 x10°
C5xx  Coay [ -3x10° 3x10° } Coxx Couxy { -06x10° 2x10° ]
L C5.yx  C5yy N-s/m L Coyx  Coyy | N-s/m
) 3x10°  6x10° i . 4 % 10° 7 x 100
k7.xx K7y { ~15x10° 1 x10° } ksxx Ky { ~16x10° 1.1 x 106 }
L k7~yx k7~yy N/m L k8~yx k8~yy i N/m
i 4x10° —14x10° i ) 7x10° —15x10°
€7xx  C7xy [ -14x10° 15x10° } C8xx  C8xy { -15x10° 16 x10° ]
L C7yx C7yy N-s/m [ C8yx  C8yy | N-s/m
Table 6. Parameters of the eight rolling bearings in the rotors g1.1, g1.4, and g4.4.
Parameter Value Parameter Value
1.8 x 107 0
[ kl-xx kl-xy 0 1.84 x 107 ] [ k]]xx k]]xy :| ]] —2t08 l: 9 x 106 0 :l N/m
kl-yx k1~yy N/m kjj-yx kjj-yy ! 0 8.9 x 106
l: Cl.xx C1~xy |: 75 0 :| N-s/m [ C]‘]‘.xx C]‘j~xy ], ]] —2t08 |: 80 O ] N-s/m
Clyx  Clyy 0 70 ij-yx ij-yy 0 75
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maximum relative error of identified

3.2. Accuracy of SDA and TODA
3.2.1. Results

(1) Results of the first kind of simulation

Figures 5 and 6 were obtained by using the computational example h1.4 based on SDA
and TODA, respectively. They represent the maximum identification errors of each rotor
unbalance. In the simulation, #10 point was used as one of the required measuring points
and the other measuring points were #3, #47, #11, #21, #31, and #41 points at the location of
the two bearings and the four discs. The form «%/Zf3°, in which «% is the identification
error for the rotor unbalance amplitude and [3° represents the identification error for the
rotor unbalance angle, is used to express the identification error for rotor unbalance.

According to Figure 5, for SDA, the maximum relative errors of the amplitude
of rotor unbalance for #1-#4 discs are almost equal to zero and are 1.70545 x 10~8%,
1.4489 x 107%%, 3.22562 x 107°%, and 2.8886 x 10~>%, respectively. For the rotor un-
balance angle, the maximum absolute errors, which are 5.505.9 x 1079°,5.99272 x 10~7°,
5.83537 x 107°°, and 1.93098 x 107°°, respectively, also equal zero.

According to Figure 6, for TODA, the maximum relative errors of the rotor un-
balance amplitude of each disc are 1.14223 x 10~%%, 2.66709 x 10~°%, 0.00102%, and
1.6262 x 10~4%, respectively. The maximum absolute errors of the rotor unbalance angle
are 4.68235 x 1077°,1.59148 x 10°°,4.41457 x 10~°, and 5.47386 x 10~°°, respectively.
Although they are bigger than the maximum errors obtained by SDA, they can be also
considered equal to zero.

Similar results can be found for the first kind of calculation simulation example for
gl.1,h1.1, h4.4, and gl.4, according to Table Al and Figures A1-A4 in Appendix A.

However, according to Figures 7 and 8, which show the maximum identification
errors of each rotor unbalance for g4.4, for TODA, the first two errors are very small,
but the maximum identification errors of rotor unbalance for #3 and #4 discs are too
big, according to Figure 8. The first two errors are 7.52405 x 1075%/1.81997 x 10742,
0.17108%£0.03405°, while for the errors for #3 and #4 discs, they are 123.71543%/21.8563°
and 1281.45771%./21.69524°, respectively. Whereas, for SDA, the maximum identifica-
tion errors of rotor unbalance for #1-#4 discs are 4.70411 x 1078%/1.49579 x 10~7°,
5.00642 x 1074%/1.41912 x 10~%°, 0.28694%,0.12378°, and 0.16497%/1.57779°, respec-
tively, according to Figure 8.

. —=— using SDA and h1.4 u3.22562x10° & —=—using SDA and h1.4
£3x10° rotor unbalance amplitude - I 6.0x10° 1 rotor unbalance angle 5.83537x10°
[ 2.8886x10° o®
e = O
2 o 9
a 5 2 « -5
S2x10°- 5 §4.0x10°1
o [elNe]
2 e
¥
5 =g
(__g']X']O's‘ g ©2.0x10° 1.93098x10°
c = O
5 s & :
S 1.70545x10° © £E 0 i
] [.70545x10° _J/1.4480x10 § o] 8o0s0ex0 5.99279x107
T T T T T T T T
#1 disc #2 disc #3 disc #4 disc #1 éisc #2 éisc #3 Eiisc #4 (I:Iisc
(a) (b)

Figure 5. The maximum identification error for each rotor unbalance in h1.4 based on SDA using
#10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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maximum relative error of identified

lative error of identified

maximum re

1 —=—using TODA and h1.4
rotor unbalance angle

| —=— using TODA and h1.4

rotor unbalance amplitude 0.00102 4.41457x10*

£0.0010 ‘5 $0.0004 -
[ v C
3 g9
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2w

s 23
[0 %]
$0.0005 2 S0.00024
IS g 5
kS e
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= ~ : X O . X ]
9] 1.14223x10°® 5 o= 7 .
£0.0000 | m——————2.66709x10 g 2 0.0000- :..68235x1o 1.59148x10°

T T T T T T T -9 T T T T T T T

#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc
(a) (b)

Figure 6. The maximum identification error for each rotor unbalance in h1.4 based on TODA using
#10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.

1 ~1.8- :
g _3.0x10"{ —=—using SDA and g4.4 0.28694 o8y o using SDA and g4.4
-”:é X N rotor unbalance amplitude 5 %’,1-5‘_ rotor unbalance angle 1.57779m
g 2510”1 5 &1.4-
C 2 4] s 8427
S £20x10" L5
o £ g 2 ©1.0
5 S1.5¢10" 0.16497 58]
08 ] 2 50.8+
= c © ]
T ©1.0x10" E 2061
o ] > 9 i
= 2 E 504
£ 55.0x107 2B ]
gs 1 4.70411x10°® 4 £ 50.2+ *
EE Lol& X 5.00642x10" 2027 | Jos70x107 1%. 0.12378
g = : ] : i | . . -0 04 #——mn
#1 disc #2 disc #3 disc #4 disc #disc  #2disc  #3disc  #4disc

@) (b)

Figure 7. The maximum identification error for each rotor unbalance in g4.4 based on SDA using
#20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.

1400 - o 25+ .

{ —=—using TODA and g4.4 128145771 m g —a—using TODA and g4.4
521200 A rotor unbalance amplitude ’ T > rotor unbalance angle 21.8563 A-———————=
& = €20 21.69524
$1000 Eg |
= ] 2§ 15
2 800 $5
(] 1 = J
8 600 - 85 0.
c 5 0
< 400 §3 |
T 400 g2
c 1 X @ 54
5 2001 123.71543 ES |
g o] J52408x10° 017108 . e 3 ] 181997x10%  /0.03405

T T T d T d T T T T T T v T
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)

Figure 8. The maximum identification error for each rotor unbalance in g4.4 based on TODA using
#20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.

Moreover, Figure 9 represents the rotor unbalance identification errors for #3 and
#4 discs from 1 to 2001 Hz obtained. The maximum identification error for rotor unbalance
for #3 disc occurs at 1 Hz. For #4 disc, the maximum identification errors of the rotor
unbalance amplitude and angle occur at 1 Hz and 2 Hz, respectively. However, when the
rotating frequency becomes high, the identification errors are almost equal to zero.
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(2) Results of the second kind of simulation

140 ] 43 d
E . ISC
%5 #3 disc )
o = — Y~
o S 120 ] using TODA g < 204 using TODA
2 3 100+ o8
- <
g_ S E © f_(g J
© - ()
2 5%
£ 3 60 S = 104
5 L 1 S 2
= O 5 =
o = 40 [} S
(=l o] 1 L 0 1
22 204 S5
G>.) g o C
=20 i 28 oA -
% 2 0] © = i
= —1——7F T T T 1 7/ j T j 1
0 5 10 1000 2000
o 5 10 freq119e0nocy (Hz) 2000 frequency (Hz)
@) (b)
5 —~ 1400
o & 12004 #4 disc #4 disc
ER ] using TODA 5 T 201 using TODA
‘S § 1000 29
§% g5
© € 8004 0T
£ 5 £
5 S 600 5 S 10
52 59
E T 400 £ 9
o @ )
0 = o
2 € 200 22 |
S 25
= 0 —r——7f T T T 1 % o —r——7/F ¥ T 1
0 5 10 1000 2000 0 5 10 1000 2000
frequency (Hz) frequency (Hz)
(c) (d)
Figure 9. Identification error changed with rotating frequency based on TODA using #20 point as one
of the required measuring points in the simulation of g.4.4: (a) rotor unbalance amplitude of #3 disc;
(b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of #4 disc; (d) rotor unbalance
angle of #4 disc.
Figures 10 and 11, which represent the maximum identification errors of each rotor
unbalance for h1.4 are obtained based on SDA and TODA, respectively. In this simulation,
#10 point was used as one of the required measuring points and the other measuring points
were #3, #47, #11, #21, #31, and #41 at the locations of the two bearings and the four discs.
o 5.00004 < ] —m—usi
:"g S { —®=—using SDA and h1.4 5o PR rot.or L:j:kl)r;?aiggaanndlem 4 & =
3 o rotor unbalance amplitude A © '25.00016 9 E
= 95.00003 \y S 5000141 S
o= o £5.00012 p
3 3 §5.00010 S
& ©5.00002- s 8> ] 2
e S 55.00008
=2 c © - ]
TS £ £5.00006
- =} 1
g §5'°°°°1 £ 500004 ]
S 5 . o . é & 5.00002
% ©5.00000 m>— w §5.00000
E : : : : : : : = 4.99998 1 . . . . . .
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc
(@) (b)

Figure 10. The maximum identification errors of each rotor unbalance in h1.4 based on SDA using
#10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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Figure 11. The maximum identification error for each rotor unbalance in h1.4 based on TODA using
#10 point as one of the required measuring points (the other measuring points are at the location of
the two bearings and the four discs): (a) relative error for the rotor unbalance amplitude; (b) absolute
error for the rotor unbalance angle.

According to Figure 10, for SDA, the maximum relative errors of the rotor unbal-
ance for #1-#4 discs are 5%.5.000001199°, 5%.5.000020523°, 5.00003%5.00022366°, and
5%/5.000170751°, respectively, which are almost equal to the setting errors (5%/5°) of the
inputted unbalance responses. According to Figure 11, for TODA, the maximum relative
errors of rotor unbalance for each disc also almost equal the setting error. They are 5%./5°,
5% /5.00002°, 5.00006%£5.00008°, and 5%.5.00005°, respectively. Similar results can be
found in the second kind of calculation simulation example for g1.1, h1.1, h4.4, and g1.4,
according to Table A2 and Figures A5-A8 in Appendix B.

However, according to Figures 12 and 13, which show the maximum identification
errors of each rotor unbalance for g4.4, for TODA, the maximum identification errors of rotor
unbalance for #3 and #4 discs are 134.9012142%./16.8563° and 1350.530732%£26.69523°,
respectively, although the errors for #1 and #2 discs are almost equal the setting error
5%/5°. Whereas, for SDA, the maximum identification errors for the rotor unbalance for
#1—#4 discs are 5%./5°, 5.00001%.£5.00014°, 5.0039%.£5.00404°, and 5.17322%..6.57779°,
respectively. Only the rotor unbalance angle of #4 disc is a bit bigger than the setting error
of 5%. The others are almost equal to the input setting error of 5%/5°.

5.20 q e ]—m—usin
—a—ysi ~ g SDA and g4.4
3 | —=—using SDA and .94'4 5 %6.5 - rotor unbalance angle o
X rotor unbalance amplitude = ~
©5.15 S g ~
3 ] s
= 2 6.0 ©
[} S5
€5.10 o o
@ ? C
Q 5
3 ® =
& £ £55-
<9.05 1 E e >
Qo Q\ = 0o Q
c Q X © N
2 % Sk g = o o
£5.00 = - é 5.0 ) n
- T T T T T T - T T T T T T T
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)

Figure 12. The maximum identification error for each rotor unbalance in g4.4 based on SDA using
#20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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Figure 13. The maximum identification error for each rotor unbalance in g4.4 based on TODA using
#20 point as one of the required measuring points (the other measuring points are at the location of
the two bearings and the four discs): (a) relative error for the rotor unbalance amplitude; (b) absolute
error for the rotor unbalance angle.

Hence, the rotor unbalance identification errors for #3 and #4 discs from 1 to 2001 Hz
are as shown in Figure 14. The maximum error occurs at the beginning. The maximum
identification error for rotor unbalance for #3 disc is at 1 Hz. For #4 disc, the maximum
identification errors of rotor unbalance amplitude and angle are at 1 Hz and 2 Hz, respec-
tively. However, when the rotating frequency becomes high, the identification errors are
almost equal the input setting error of 5%/5°.

3.2.2. Discussion

In the first kind of numerical simulation, the simulated unbalance responses calculated
by the CRDAM were fed into SDA and TODA to estimate the rotor unbalance. For SDA,
the identified rotor unbalance was equal to the set value of rotor unbalance. For TODA,
the identified rotor unbalance was equal to the set value of rotor unbalance except for the
simulation of g4.4. The error for the identified rotor unbalance for #3 and #4 discs in g4.4 is
big at the low rotating frequency (1 Hz, 2 Hz) but very small at other rotating frequencies.

In the second kind of numerical simulation, the simulated unbalance responses, which
were calculated by the CRDAM and contaminated the set measured error (5%, 5°), were fed
into SDA and TODA. For SDA, the identified error was equal to the set error. For TODA,
the identified rotor unbalance was almost equal to the set error except for the simulation of
g4.4. The error for the identified rotor unbalance for #3 and #4 discs in g4.4 was bigger than
the set errors at the low rotating frequency (1 Hz, 2 Hz) but almost equal to the set error at
other frequencies.

The unbalance responses in both the x and y directions were needed when using
TODA. At a low frequency, the value of the unbalance response is very small. The errors
in computer calculations, such as rounding errors, have a considerable influence on small
values. Accordingly, there were errors with regard to the unbalance responses in both the x
and y directions at low frequencies. If the errors in the x and y directions are quite different,
a big identification error may occur at a low frequency for TODA because the errors in
the x direction are divided by the errors in the y direction, while, for SDA, the unbalance
response in only one direction is needed. Hence, the identification error can be equal to the
set measured error.

Therefore, the error for the identified rotor unbalance response will be equal to the
set error if the errors of all the measured unbalance responses are the same. It is indicated
that the repeatability precision of each measuring channel of the unbalance response
measurement system plays a critical role when it comes to using the proposed algorithms.
In engineering, the vibration caused by rotor unbalance can be very small for low-speed
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rotors and the measuring system cannot accurately detect tiny vibrations. Therefore, the
proposed method, especially TODA, cannot be applied to low-speed rotors.
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Figure 14. Identification error changed with rotating frequency based on TODA using #20 point
as one of the required measuring points in the simulation for g.4.4: (a) rotor unbalance amplitude
of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of #4 disc; (d) rotor
unbalance angle of #4 disc.

3.3. Adjustment Point
3.3.1. Results

In the third kind of simulation of g1.4, the matrix of the maximum identified error for
rotor unbalance for each disc was obtained with Equations (24)-(27). The numbers of AFPs
were also obtained. They are shown in Figures 15-18. The simulations were conducted by
using simulated unbalance responses as input data to SDA and TODA and by changing one
measuring point which was close to the identified disc. The #20, #40, #60, and #80 points
were used for the respective changes. The other m + n measuring points were at the discs
and bearings. The simulated unbalance responses were calculated by means of the CRDAM
contaminating the sensor resolution at 0.1 nm.

In Equations (24)—(27), the four element values in a row of the matrix are the maxi-
mum identification errors of unbalance for #1-#4 discs, respectively, when using the same
measuring point. The four elements in a column are the maximum identification errors
of unbalance for the same disc when the measuring points #20, #40, #60, and #80 were
applied, respectively. By comparing the biggest identification error obtained under different
adjustment point conditions when the rotating frequency is changed from 1 to 2001 Hz, it
is easy to find that the adjustment point plays a critical role in improving the identification
accuracy for SDA and TODA. The details are as follows:
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According to Equations (24) and (25), for SDA, when #20 point, which is near #1 disc,
is used as one of the required measuring points, the maximum identification error for
rotor unbalance for #1 disc is the smallest among that of the four discs. The maximum
identification error for rotor unbalance is 10.84%./2.12°, while for #2—4 discs, their
maximum errors are much bigger. When #40 point, which is close to #2 disc is used,
the maximum identification error for rotor unbalance for #2 disc becomes the smallest.
It is 42.54%/8.60°. When #60 point, which is beside #3 disc, is used, #3 disc’s rotor
unbalance identification error, which is 257.24%/57.41°, is the second smallest and is
close to the smallest error of 254.72%./51.14°. When #80 point, which is beside #4 disc,
is used, #4 disc’s rotor unbalance identification error, which is 9.82%./16.25°, is much
smaller than the others. From the perspective of the column in the matrix, when the
measuring point is changed from #20 to #40, the maximum identification error for
rotor unbalance for #1 disc becomes bigger, while the maximum identification error
for rotor unbalance for #4 disc becomes smaller. The maximum identification errors
for rotor unbalance for #2 and #3 discs are also changed apparently. As #20 point
is applied, #1 disc acquires the best recognition accuracy, while #2 disc has the best
recognition accuracy as #40 point is applied, #3 disc has the best recognition accuracy
as #60 point is applied, and #4 disc has the best recognition accuracy as #80 point
is applied.

As for TODA, similar results can be obtained, although the values of maximum
identification errors are much bigger than the maximum identification errors for SDA,
according to Equations (26) and (27). When #20 point, which is near #1 disc, is used
as one of the required measuring points, the maximum identification error for rotor
unbalance for #1 disc is the smallest among that of the four discs. The maximum
identification error for rotor unbalance is 4.22 x 10%2%./170.38°, while for #2-4 disc,
their maximum errors are much bigger. When #40 point, which is close to #2 disc,
is used, the maximum identification error for rotor unbalance for #2 disc becomes
the smallest. Ttis 1.64 x 10%*%./140.73°. When #60 point, which is beside #3 disc, is
used, #3 disc’s rotor unbalance identification error, which is 6.03 x 10*%./179.57°, is
the second smallest. When #80 point, which is beside #4 disc, is used, #4 disc’s rotor
unbalance identification error is 2.68 x 101°%/179.95°. Although it is the biggest
among the obtained maximum identification errors of the four discs, it is the smallest
error for #4 disc, which can be obtained by changing the measuring point from #20 to
#40. From the perspective of the column in the matrix, when the measuring point is
changed from #20 to #40, the maximum identification error for rotor unbalance for
#1 disc becomes bigger. The maximum identification errors of rotor unbalance for #2,
#3, and #4 discs are also changed apparently. As #20 point is applied, #1 disc acquires
the best recognition accuracy, while #2 disc has the best recognition accuracy as
#40 point is applied, #3 disc has the best recognition accuracy of unbalance amplitude
as #60 point is applied, and #4 disc has the best recognition accuracy as #80 point
is applied.
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where SDA_M1g414 and SDA_M2,14 are the matrix of the maximum identification error for
rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point
conditions using SDA; TODA_M1414 and TODA_M2,14 are the matrix of the maximum
identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under
different adjustment point conditions using TODA.
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Figure 15. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation

of gl.4 using #20 point as one of the required measuring points and using a 0.1 nm resolution:
(a) results for the unbalance amplitude; (b) results for the unbalance angle.
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Figure 16. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation
of gl.4 using #40 point as one of the required measuring points and using a 0.1 nm resolution:
(a) results for the unbalance amplitude; (b) results for the unbalance angle.
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Figure 17. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation

of gl.

4 using #60 point as one of the required measuring points and using a 0.1 nm resolution:

(a) results for the unbalance amplitude; (b) results for the rotor unbalance angle.
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Figure 18. Statistical results of the number of AFPs of rotor unbalance for each disc in the simulation

of gl.

4 using #80 point as one of the required measuring points and using a 0.1 nm resolution:

(a) results for the unbalance amplitude; (b) results for the unbalance angle.

According to the number of AFPs of rotor unbalance obtained by SDA in Figures 15-18,
the results are as follows:

@

@)

®)

The numbers of AFPs of rotor unbalance amplitude for #1-#4 discs are 1001, 979, 744,
and 762, respectively, according to Figure 15a. For the rotor unbalance angle, there
are 1001, 990, 629, and 612 AFPs, respectively, according to Figure 15b. This indicates
that the identification results for rotor unbalance for #1 disc are best when #20 point is
used as one of the required measuring points.

According to Figure 16, there are 994, 999, 824, and 929 AFPs, respectively, for the
rotor unbalance amplitude of #1 disc, #2 disc, #3 disc, and #4 disc, and 988, 1001,
835, and 787 AFPs, respectively, for the rotor unbalance angle. This indicates that the
identification results for rotor unbalance for #2 disc are best when #40 point is used as
one of the required measuring points.

According to Figure 17, the numbers of AFPs of rotor unbalance amplitude are
980, 987, 995, and 988, respectively, and the numbers of rotor unbalance angles are
974, 995, 995, and 960 respectively. This indicates that the identification results for
rotor unbalance for #3 disc are best when #60 point is used as one of the required
measuring points.
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(4) According to Figure 18, for the rotor unbalance amplitude of #1 disc, #2 disc, #3 disc,
and #4 disc, there are 917, 929, 897, and 1001 AFPs, respectively. For the angle, there are
861, 966, 881, and 999 AFPs, respectively. This indicates that the identification results
for rotor unbalance for #4 disc are best when #80 point is used as one of the required
measuring points.

For TODA, the same conclusion can be obtained according to Figures 15-18, although
the number of AFPs obtained by TODA is obviously lesser than that of SDA. When
#20 point is used as one of the required measuring points, the numbers of AFPs of rotor
unbalance amplitude for #1-#4 discs are 867, 163, 29, and 12, respectively. For the rotor
unbalance angle, there are 896, 117, 57, and 186 AFPs, respectively. Apparently, #1 disc
has the most AFPs. When #40 point is used, the numbers of AFPs of rotor unbalance
amplitude for #1-#4 discs are 587, 662, 107, and 38, respectively. For the rotor unbalance
angle, there are 541, 720, 137, and 158 AFPs, respectively. Apparently, #2 disc has the
most AFPs. When #60 point is used, the number of AFPs of rotor unbalance amplitude
of #1-#4 discs are 408, 297, 461, and 234, respectively. For the rotor unbalance angle, there
are 352, 271, 421, and 201 AFPs, respectively. Obviously, #3 disc has the most AFPs. When
#80 point is used, the number of AFPs of rotor unbalance amplitude of #1-#4 discs are 78,
48, 39, and 707, respectively. For the rotor unbalance angle, there are 166, 128, 97, and
675 AFPs, respectively. Obviously, #4 disc has the most AFPs.

Similar results can be found in the third kind of calculation simulation example for
g4.4,h1.4, and h4.4, according to Equations (A1)-(A12) and Figures A9-A20 in Appendix C.
However, for h4.4, no result can be obtained based on SDA and TODA from 1 Hz to 20 Hz.

3.3.2. Discussion

In the third kind of numerical simulation, the highest sensor resolution (0.1 nm) at
present is considered. In the simulation of g1.4 and g4.4, when #20 point, which is near
#1 disc, is used as one of the required measuring points, the identification accuracy for the
rotor unbalance for #1 disc (at location of #21 point) is high. Similarly, #2 disc at #41 point,
#3 disc at #61 point, and #4 disc at #81 point can obtain high identification accuracy for rotor
unbalance as #40, #60, and #80 points are used respectively. In the simulation of h1.4 and
h4.4, #1disc at #11 point, #2 disc at #21 point, #3 disc at #31point, and #4 disc at #41 point
can obtain a high identification accuracy for rotor unbalance as #10, #20, #30, and #40 points
are used, respectively.

From the above, to obtain good identification results, there should be a measuring
point near the disc, for which the rotor unbalance should be identified. The measuring
point near the disc determines the identification error for the rotor unbalance and it should
be near the disc the unbalance of which is to be identified. Hence, the measuring point is
called an adjustment point.

By applying the proposed adjustment point, the identification errors for rotor unbalance
for #3 and #4 discs in the first and second kind of simulations are reduced and Figures 19
and 20 are obtained. According to Figure 19, the maximum identification error is almost
equal to zero. It is 0.00358%20.00193° for #3 disc and 2.04046 x 10~4%./5.84276 x 10~°°
for #4 disc, while they are 123.71543%./21.8563° and 1281.45771%/21.69524°, respectively,
before the application of the adjustment point. According to Figure 20, the ultimate error is
5.0006%£5.00193° for #3 disc and 4.99979%£5.00377° for #4 disc. They are almost equal to the
setting error of 5%./5°, while they are 134.9012142%./16.8563° and 1350.530732%£26.69523°,
respectively, before the application of the adjustment point. Therefore, there should be a
sensor mounted near each disc if the unbalances of all the discs are to be identified.
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Figure 19. Identification error changed with frequency based on TODA for the first kind of g.4.4
simulation in which the proposed adjustment points (#60 and #80 points) are applied: (a) rotor
unbalance amplitude of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of
#4 disc; (d) rotor unbalance angle of #4 disc.

It was established that SDA has a much better identification accuracy than TODA. The
reason is that the unbalance responses in both the x and y directions are involved in TODA
and the unbalance response in only one direction is needed for SDA. This means that the
measured errors of unbalance responses in both the x and y directions will contribute to the
identification error of TODA. Moreover, they are combined by division in TODA. When
the measured errors in the two directions are not the same and the error, whose value is
smaller, happens to be the denominator, a high identification error occurs. Based on the
simulation results, the value of the denominator is smaller in most cases, but the value of
the denominator can be bigger, in which case the identification error of SDA is bigger than
that of TODA, according to Figures A9, A17 and A20. Moreover, according to Figures A9,
A17 and A20, similar results for SDA and TODA can be obtained when the comprehensive
effect of the response measuring errors in the x and y directions is equal to that in the x
or y direction. It is indicated that the identification result of TODA is greatly affected by
the measured error for the unbalance response due to the unbalance responses in both
the x and y directions being required. In practical engineering, it is difficult to obtain
completely consistent measurement errors for each unbalance response. The measured
errors for unbalance responses in the x direction are different from those in the y direction.
This may lead to big identification errors for TODA. Hence, SDA is better than TODA from
the perspective of engineering applications.

3.4. Affect of Sensor Resolution
3.4.1. Results

According to the result in the third kind of simulation, the maximum identification
error of TODA was too big. Hence, the fourth kind of simulation was conducted based
on SDA. The simulated unbalance responses calculated by CRDAM containing different
sensor resolutions (0.1 nm, 1 nm, 0.1 um, and 1 um) were used as input data to the method.
The computational example g1.4 is used. In the simulation, the measuring points for the



Appl. Sci. 2022,12, 3865

24 of 42

two discs and the four bearings are utilized and #20, #40, #60, and #80 points are used as
the respective adjustment points in order to obtain good identification results.
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Figure 20. Identification error changed with frequency based on TODA for the second kind of g.4.4
simulation in which the proposed adjustment points (#60 and #80 points) are applied: (a) rotor
unbalance amplitude of #3 disc; (b) rotor unbalance angle of #3 disc; (c) rotor unbalance amplitude of
#4 disc; (d) rotor unbalance angle of #4 disc.

The curves for the identification errors, which were obtained when the sensor resolu-
tions were 0.1 nm, 1 nm, 0.1 um, and 1 um, are shown in Figures 21-24. According to the
figures, the identified rotor unbalance changes with the rotating frequencies and there are
several peak values for the identified rotor unbalance. The results are as follows:

(1) Sensor resolution of 0.1 nm

According to Figure 21, for #1 disc, the peak values of the amplitude of the identified
rotor unbalance are 10.84%, 2.02%, 0.31%, and 0.42% at frequencies of 1 Hz, 271 Hz,
643 Hz, and 1267 Hz, respectively. The peak values of the absolute error for the angle are
2.12°,1.47°,0.32°, and 0.32° at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.

For #2 disc, the peak values of the amplitude of the identified rotor unbalance are
3.46%, 42.54%, 4.33%, and 1.42% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1263 Hz,
respectively. The peak values of the absolute error for the angle are 2.29°, 8.6°, 0.31°, and
0.8° at 1 Hz, 267 Hz, 645 Hz, and 1265 Hz, respectively.

For #3 disc, the peak values of the amplitude of identified rotor unbalance are 26.02%,
257.24%, 11.64%, and 20.64% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1265 Hz, respec-
tively. The peak values of the absolute error for the angle are 19.49°, 57.41°, 11.72°, and
7.76° at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.

For #4 disc, the peak values of the amplitude of identified rotor unbalance are 9.82%,
6.46%, 0.82%, 0.56%, and 7.61% at frequencies of 1 Hz, 267 Hz, 645 Hz, 809 Hz, and 1267 Hz,
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respectively. The peak values of the absolute error for the angle are 16.259°, 1.88°, 1.39°,
and 4.15° at 269 Hz, 645 Hz, 809 Hz, and 1265 Hz, respectively.
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Figure 21. Identified rotor unbalance changing with frequency in g1.4 using a 0.1 nm resolution:

(a) obtained rotor unbalance amplitude; (b) obtained rotor unbalance angle.
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Figure 22. Identified rotor unbalance changing with frequency in gl.4 using a 1 nm resolution:

(a) obtained rotor unbalance amplitude; (b) obtained rotor unbalance angle.
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Figure 24. Identified rotor unbalance with frequency in g1.4 using a 1 um resolution: (a) obtained
rotor unbalance amplitude; (b) obtained rotor unbalance angle.
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(2) Sensor resolution of 1 nm

According to Figure 22, for #1 disc, the peak values of the amplitude of identified rotor
unbalance are 83.36%, 1.92%, 0.31%, and 0.42% at frequencies of 1 Hz, 269 Hz, 643 Hz, and
1267 Hz, respectively. The peak values of the absolute error for the angle are 8.77°, 1.45°,
0.32°, and 0.32°at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.

For #2 disc, the peak values of the amplitude of identified rotor unbalance are 95.6%,
42.54%, 4.33%, and 1.42% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1263 Hz, respectively.
The peak values of the absolute error for the angle are 32.5°, 8.6°, and 0.8° at 1 Hz, 267 Hz,
and 1265 Hz, respectively.

For #3 disc, the peak values of the amplitude of identified rotor unbalance are 242.24%,
257.23%, 11.64%, and 20.64% at frequencies of 1 Hz, 269 Hz, 645 Hz, and 1265 Hz, respec-
tively. The peak values of the absolute error for the angle are 108.42°, 57.41°, 11.72°, and
7.76°at 1 Hz, 271 Hz, 645 Hz, and 1267 Hz, respectively.

For #4 disc, the peak values of the amplitudes of identified rotor unbalance are 17.48%,
6.46%, 0.82%, 0.66%, and 7.61% at frequencies of 1 Hz, 267 Hz, 645 Hz, 809 Hz, and 1267 Hz,
respectively. The peak values of the absolute error for the angle are 165.08°, 16.25°, and
4.15°at 1 Hz, 269 Hz, and 1265 Hz, respectively.

(3) Sensor resolution of 0.1 um

With the sensor resolution being reduced to 0.1 um, the minimum starting frequency
of the identification was 4 Hz (SDA does not work at a low frequency). According to
Figure 23, the results are as follows:

For #1 disc, the peak values of the amplitude of identified rotor unbalance are 695.26%,
19.45%, 0.65%, and 0.62% at frequencies of 4 Hz, 268 Hz, 646 Hz, and 1266 Hz, respectively.
The peak values of the absolute error for the angle are 140.04°, 10.86°, 0.55°and 0.45° at
4 Hz, 268 Hz, 646 Hz and 1262 Hz, respectively.

For #2 disc, the peak values of the amplitude of identified rotor unbalance are 597.53%,
22.7%, 5.32% and 1.63% at frequencies of 4 Hz, 270 Hz, 644 Hz, and 1268 Hz, respectively.
The peak values of the absolute error for the angle are 94.44°, 5.72°1.9°, and 0.71° at 4 Hz,
266 Hz, 644 Hz, and 1268 Hz, respectively.

For #3 disc, the peak values of the amplitude of identified rotor unbalance are 1722.04%,
262.49%, 39.32%, 9.24%, and 11.76% at frequencies of 8 Hz, 268 Hz, 644 Hz, 814 Hz, and
1264 Hz, respectively. The peak values of the absolute error for the angle are 120.31°, 20.6°,
8.75°,3.49°, and 11.3° at 16 Hz, 270 Hz, 644 Hz, 814 Hz, and 1268 Hz, respectively.

For #4 disc, the peak values of the amplitude of identified rotor unbalance are 853.26%,
4.43%, 13.87%, and 3.3% at frequency 6 Hz, 268 Hz, 810 Hz, and 1266 Hz, respectively. The
peak values of the absolute error for the angle are 165.1°,10.04°, 0.79°, 4.34°, and 1.5° at
10 Hz, 270 Hz, 644 Hz, 810 Hz, and 1264 Hz, respectively.

(4) Sensor resolution of 1 um

As the sensor resolution was reduced to 1 um, the starting frequency of the identi-
fication was 856 Hz (SDA does not work at a low frequency). According to Figure 24,
for #1 disc, the peak value of the amplitude of identified rotor unbalance is 0.63% at a
frequency of 1266 Hz. The peak value of the absolute error for the angle is 0.45° at 1262 Hz.
For #2 disc, the peak value of the amplitude of identified rotor unbalance is 1.58% at a
frequency of 1268 Hz. The peak value of the absolute error for the angle is 0.75° at 1268 Hz.
For #3 disc, the peak value of the amplitude of identified rotor unbalance is 11.73% at
a frequency of 1264 Hz. The peak value of the absolute error for the angle is 11.56° at
1268 Hz. For #4 disc, the peak value of the amplitude of identified rotor unbalance is 3.47%
at a frequency of 1268 Hz. The peak value of the absolute error for the angle is 1.49° at
1264 Hz.

(5) According to the above results, the peak values that were outside the assumed allow-
able range—the amplitudes bigger than 20% and the angles bigger than 10°—are all
counted in Tables 7-10, with the sensor resolutions set at 0.1 nm, 1 nm, 0.1 um, and
1 um, respectively. From Tables 7-10, the frequencies at which these peak values ap-
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pear are at or around the critical frequencies listed in Table 11 and the low frequencies
such as 1 Hz, 4 Hz, and so on. This indicates that the rotor unbalance identification
error is big when the rotor works at a low speed or near the critical speeds when using

SDA.
Table 7. Statistical results of peak values outside the assumed allowable range when the resolution is
0.1 nm.
Disc Unbalance Value Value Value Value
Amplitude (10.84%, 1 Hz) - - -
#1 A
ngle - - - -
Amplitude - - (42.54%, 645 Hz) -
#2 A
ngle - - - -
4 Amplitude (26.02%, 1 Hz) (257.24%, 269 Hz) - (20.64%, 1265 Hz)
3 Angle (19.49°,1 Hz) - (11.72°, 645 Hz) -
44 Amplitude - - - -
Angle - (16.259°, 269 Hz) - -
Table 8. Statistical results of peak values outside the assumed allowable range when the resolution is
1 nm.
Disc Unbalance Value Value Value Value
Amplitude (83.36%, 1 Hz) - - -
#1 Anel
I'lg e - - - -
4 Amplitude (95.6%, 1 Hz) (42.54%, 269 Hz) - -
2 Angle (32.5°,1 Hz) - - -
. Amplitude (242.24%, 1 Hz) (257.24%, 269 Hz) (11.64%, 645 Hz) (20.64%, 1265 Hz)
Angle (108.42°,1 Hz) (57.41°,271 Hz) (11.72°, 645 Hz) -
44 Amplitude - - - -
Angle (165.08°, 1 Hz) (16.259°, 269 Hz) - -
Table 9. Statistical results of peak values outside the assumed allowable range when the resolution is
0.1 um.
Disc Unbalance Value Value Value Value
41 Amplitude (695.26%, 4 Hz) (19.45%, 268 Hz) - -
Angle (140.04°, 4 Hz) (10.86°, 268 Hz) - -
4 Amplitude (597.53%, 4 Hz) (22.7%, 270 Hz) - -
Angle (94.44°,4 Hz) - - -
43 Amplitude (1722.04%, 8 Hz) (262.49%, 268 Hz) - (11.76%, 1268 Hz)
Angle (120.31°, 16 Hz) (20.6°,270 Hz) - (11.3°, 1268 Hz)
44 Amplitude (853.26%, 6 Hz) - - -
Angle (165.1°, 10 Hz) (10.04°, 270 Hz) - -

Table 10. Statistical results of peak values outside the assumed allowable range when the resolution

is 1 um.
Disc Unbalance Value
) Amplitude -
#1 disc Angle _
. Amplitude -
#2 disc Angle B
43 di Amplitude (11.73%, 1264 Hz)
15¢ Angle (11.56°, 1268 Hz)
Ampli -
#adisc mplitude

Angle _
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Table 11. First three critical frequencies of g1.4 from 1 Hz to 2000 Hz.

First Order Second Order Third Order
269 Hz 645 Hz 1267 Hz

Moreover, similar results can also be obtained in simulations of g4.4, h1.4, and h4.4.

3.4.2. Discussion

In the fourth kind of numerical simulation, the proposed adjustment point is applied
and four kinds of typical sensor resolutions are considered for the validation of SDA. At or
around the critical frequencies which are obtained by CRDAM and low frequencies, the
identification error for rotor unbalance is bigger than at other frequencies. The resolution of
sensors is applied by limiting the number of digits after the decimal point in the unbalance
responses. At a low frequency, the unbalance responses are very small. The rounding digits
have a considerable influence on small values and causes big input errors for unbalance
responses. At or near the critical frequency, the unbalance responses vary greatly with
frequencies. It is indicated that the rounding digits may lead to big differences among the
measured errors of unbalance responses. The repeatability precision of the input responses
is poor. Hence, big identification error occurs at low frequencies or at critical frequencies.
Similarly, the peak values that are outside the assumed allowable range are at or around the
critical frequencies and low frequencies. Far from the critical frequencies, the identification
errors are small. The rotating machines’ operational frequency (speed) is designed to be far
from the critical frequencies to avoid resonance. This indicates that SDA can be applied to
rotors not working under very low rotating speeds.

The statistical results for peak values of the identification error for #1 disc of rotor g1.4
are listed in Table 12. According to Table 12, it is indicated as follows:

(1) Atalow frequency, the peak values of identification errors become bigger as sensor
resolution is reduced and rotor unbalance cannot be identified when the sensor
resolution is 1 um.

(2) At or around the first order critical frequency, the identification error, which is ob-
tained using a sensor resolution of 0.1 nm, is little different from the identification
error obtained using a sensor resolution of 1 nm. The identification error becomes
much bigger when the sensor resolution is 0.1 um and the rotor unbalance cannot be
identified when the sensor resolution is close to 1 um.

(3) At or around the second order critical frequency, the identification error obtained
when the sensor resolution is 0.1 nm is equal to the identification error obtained when
the sensor resolution is 1 nm. However, when the sensor resolution is 0.1 um, the
identification error becomes a little bigger. Moreover, when the sensor resolution
comes close to 1 um, the rotor unbalance cannot be identified.

(4) Atoraround the third order critical frequency, the identification error obtained when
the sensor resolution is 0.1 nm is equal to the identification error obtained when the
sensor resolution is 1 nm. However, when the sensor resolution comes close to 0.1 um
and 1 um, the identification errors become a little bigger.

The above indicates that sensors with a resolution of 1 um should be avoided and
sensors with a resolution of 1 nm and 0.1 nm are recommended for practical application.
Similar results can also be obtained from the identification errors for rotor unbalance for
#2~#4 discs. These indicate that SDA requires high sensor resolution. The higher the sensor
resolution is, the smaller the identification error. In engineering, the resolution of most
vibration displacement sensors is 1 um and sensors with resolutions of 0.1 nm and 1 nm
are very expensive. Hence, the cost of SDA can be very high when there are multiple discs
and bearings in a rotor.



Appl. Sci. 2022,12, 3865

30 of 42

Table 12. Statistical results of peak values of identification errors of rotor unbalance for #1 disc in g1.4.

Sensor Low Frequency  First Order (269 Second Order Third Order
Resolution (1 Hz) Hz) (645 Hz) (1267 Hz)

01 (10.84%, 1 Hz) (2.02%, 271 Hz) (0.31%, 643 Hz)  (0.42%, 1267 Hz)
- nm (2.12°,1Hz) (1.47°,271 Hz) (0.32°, 645 Hz) (0.32°, 1267 Hz)
1 (83.36%, 1 Hz) (1.92%, 269 Hz) (0.31%, 643 Hz)  (0.42%, 1267 Hz)

nm (8.77°,1Hz) (1.45°,271 Hz) (0.32°, 645 Hz) (0.32°, 1267 Hz)
01 (695.26%,4Hz)  (19.45%,268 Hz)  (0.65%, 646 Hz)  (0.62%, 1266 Hz)
um (140.04°,4 Hz) (10.86°, 268 Hz) (0.55°, 646 Hz) (0.45°, 1262 Hz)
Cannot be Cannot be Cannot be o

1 um identified identified identified (0.63% 1266 Hz)
Cannot be Cannot be Cannot be o
identified identified identified (0457, 1262 Hz)

4. Conclusions

In this paper, two kinds of algorithms, SDA and TODA, are proposed to identify
rotor unbalances in multi-disc and multi-span rotors from unbalance responses. Rotors are
modeled based on the continuous rotor dynamic analysis method. By using the unbalance
responses as inputs and considering the unbalance responses at the bearings and the
eccentric discs as unknown variables, an inverse problem model is developed based on the
matrix method to eliminate the coupling between bearing coefficients and rotor unbalances.
Four kinds of numerical simulations considering sensor resolutions and measurement
errors were conducted to study the algorithms. Compared with existing methods, the
proposed algorithms have the flexibility to incorporate any number of bearings and discs.
Moreover, test runs and external exciters are not required. The conclusions are summarized
as follows.

(1) The proposed algorithms provide a technique with which to monitor all the rotor
unbalances on-line under operational conditions. For SDA, the unbalance responses in
only one direction are needed. For a rotor with m discs and n bearings, the number of
required unbalance responses is m + 1 + 1. While for TODA, the unbalance responses
in both the x and y directions are required. The necessary measuring position of
the two methods should be at the disc whose unbalance is to be monitored. For
monitoring the unbalance of all discs, there should be a sensor mounted at each
disc, while the other measuring positions can be at or around the bearings or discs.
Moreover, numerical simulations indicate that there should be one measuring point
called the adjustment point to achieve a high identification accuracy. The proposed
adjustment point should be near the disc whose unbalance is to be monitored. In
order to identify all the discs” unbalances accurately and simultaneously, there should
be m + n + n measuring points, among which #n adjustment points near each disc
are necessary.

(2) The identification accuracy of the proposed algorithms requires a high performance of
the unbalance response measurement system. Numerical simulations indicate that if
the measuring errors of all the required unbalance responses are zero, the identification
error will be zero, too. When the measuring errors are the same, the identification
error will be equal to the measuring errors. It is indicated that the consistency of each
channel’s measurement errors plays a critical role in identifying rotor unbalance when
using the proposed algorithms. In addition, SDA has a better identification accuracy
than TODA when considering sensor resolution from the perspective of engineering
applications. The identification error of SDA is only high at a very low frequency
and the critical frequencies when sensor resolutions are considered. Hence, SDA is
suitable for medium-speed and high-speed rotors. Moreover, identification accuracy
is strongly related to sensor resolution. Sensors with resolutions of 1 um should be
avoided and sensors with 1 nm and 0.1 nm resolutions are recommended.
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For future research, there are various possible directions. Experiments should be
conducted to validate the proposed methods. The limitation of the proposed algorithms
is that they are not suitable for low-speed rotors and a high accuracy of measurement of
unbalance responses is strongly demanded. Therefore, sensors and instruments with high
accuracy and good resolutions for measuring unbalance responses should be developed.
Moreover, further investigations could focus on decreasing the high requirements on
measurement accuracy. Sensors with a resolution of 1 um can be used for the identification.
The Timoshenko model, in which gyroscopic moments are considered, could be taken into
consideration based on CRDAM when modelling a continuous shaft. The research method
of this paper can be regarded as a tool for future study.
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Nomenclature

q Dimensionless value of position z due on the z-axis

U(q) Dimensionless unbalance response in the frequency domain due on the y-axis
V(g) Dimensionless unbalance response in the frequency domain due on the x-axis
# For instance, #1 disc means the first disc

mjy Eccentric masses of #j disc

¢ Eccentric distance of #j disc

&; Eccentric angle of #j disc

Mg Masses of #j disc

w Rotation frequency rotors
L Length of rotor shaft

E Elastic modulus of rotor shaft

I Diametric shaft cross-sectional geometric moment of inertia

kjf.xx #jj bearing’s main stiffness coefficient in the x direction

kj.xy #jj bearing’s cross-coupled stiffness coefficient in the x direction

kjj.yx #jj bearing’s cross-coupled stiffness coefficient in the y direction
gy #jj bearing’s main stiffness coefficient in the y direction

Cjjxx #jj bearing’s main damping coefficient in the x direction

Cjjoxy #jj bearing’s cross-coupled damping coefficient in the x direction

Cijyx #jj bearing’s cross-coupled damping coefficient in the y direction

Cijyy #jj bearing’s main damping coefficient in the y direction

ks.xx Bearing’s main complex coefficient in the x direction

ks.xy Bearing’s cross-coupled complex coefficient in the x direction

ks.yx Bearing’s cross-coupled complex coefficient in the y direction

ks.yy Bearing’s main complex coefficient in the y direction

Zjg z coordinate position of #; disc

Zjjb z coordinate position of #;j bearing

9jd Dimensionless value of zjy
jjb Dimensionless value of zjj,
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Gu(g, q,) Green’s functions in the y direction
Go(q,9:) Green’s functions in the x direction
Gulq, q]d> Green’s coefficients for #j disc in the y direction
Gulq, q]]b> Green’s coefficients for #jj bearing in the y direction
Golg, q]d) Green’s coefficients for #j disc in the x direction
Gol9q, q]]b) Green’s coefficients for #jj bearing in the x direction
Uiy #j disc’s dimensionless unbalance response in frequency domain in the y direction
Vid #j disc’s dimensionless unbalance response in frequency domain in the x direction
Ujip #j bearing’s dimensionless unbalance response in frequency domain in the y direction
Viip #j bearing’s dimensionless unbalance response in frequency domain in the x direction
m Number of discs
n Number of bearings
Appendix A

maximum relative error of identified

(1) Simulation results for gl1.1 and h1.1

In this simulation, #60 and #30 are used as the required measuring points for g1.1 and
h1.1, respectively, and the other measuring points are at the locations of the two bearings
and the disc.

Table Al. The maximum identification errors of the disc calculated by SDA and TODA.

Methods Rotor Unbalance gl.1 h1.1
SDA Amplitude 6.77977 x 107 1.23934 x 1078
Angle 1.6455 x 10~ 7.73824 x 1077
Amplitude 4.21247 x 1072 2.79355 x 108
TODA 6 8
Angle 3.32871 x 10 2.49249 x 10

(2) Simulation results for rotor h4.4

In this simulation, #10 is used as one of the required measuring points and the other
measuring points are at the locations of the two bearings and the four discs.

8.0x10° 7

_0.07+ —a—using SDA and h4.4 m 0.06881 e ] —m—using SDA and h4 .4
E\O,O.OG- rotor unbalance amplitude 5 % 7.0x10'3-_ rotor unbalance angle
[0 S ® -3
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© 0.03 a5 s ]
3] ® 2 3.0x10°
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Figure Al. The maximum identification error for each rotor unbalance in h4.4 based on SDA using
#10 point as one of the required measuring points: (a) relative error for rotor unbalance amplitude;
(b) absolute error for rotor unbalance angle.
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Figure A2. The maximum identification error for each rotor unbalance in h4.4 based on TODA using

#10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.

(3) Simulation results for rotor g1.4

In this simulation, #20 is used as one of the required measuring points and the other
measuring points are #15, #90, #21, #41, #61, and #81, which are the locations of the two
bearings and the four discs.
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Figure A3. The maximum identification error for each rotor unbalance in g1.4 based on SDA using
#20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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Figure A4. The maximum identification error for each rotor unbalance in g1.4 based on TODA using
#20 point as one of the required measuring points: (a) relative error for rotor unbalance amplitude;
(b) absolute error for rotor unbalance angle.
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Appendix B
(1) Simulation results for g1.1 and h1.1

In this simulation, #60 and #30 are used as one of the required measuring points for
gl.1 and h1.1, respectively, and the other measuring points are at the locations of the two
bearings and the disc.

Table A2. The maximum identification error for the disc calculated by SDA and TODA.

Methods Rotor Unbalance G1.1 Hi1.1
SDA Amplitude 5.000000007 5.000000013
Angle 5 5.000000008
TODA Amplitude 5.000000108 5.000000022
Angle 5.000003329 5.000000025

(2) Simulation results for rotor g1.4

In this simulation, #20 is used as one of the required measuring points and the other
measuring points are #15, #90, #21, #41, #61, and #81, where the two bearings and the four
discs are.
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Figure A5. The maximum identification error for each rotor unbalance in g1.4 based on SDA using
#20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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Figure A6. The maximum identification error for each rotor unbalance in g1.4 based on TODA using
#20 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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maximum relative error of identified

(3) Simulation results for rotor h4.4

In this simulation, #10 is used as one of the required measuring points and the other
measuring points are at the locations of the two bearings and the four discs.
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Figure A7. The maximum identification error for each rotor unbalance in h4.4 based on SDA using
#10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.
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Figure A8. The maximum identification error for each rotor unbalance in h4.4 based on TODA using
#10 point as one of the required measuring points: (a) relative error for the rotor unbalance amplitude;
(b) absolute error for the rotor unbalance angle.

Appendix C

(1) Simulation results for g4.4

In this simulation, #20, #40, #60, and #80 points are used, respectively, and the other
m + n measuring points are at the discs and bearings.
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4743653  2396.85  |270.45 2287.39

2659853.86 134047.34  11889.74

176.85 179.33 178.63

SDA_M2ygy = 94.64 177.39  179.98 a2
179.58 170.81 [19.58] 104.65

171.64 177.59 138.72
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where SDA_M1gy4 and SDA_M244 are the matrix of the maximum identification error for
rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point
conditions using SDA; TODA_M1¢44 and TODA_M2¢44 are the matrix of the maximum
identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under
different adjustment point conditions using TODA.
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Figure A9. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of g4.4 using #20 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A10. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of g4.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A11. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of g4.4 using #60 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.

—s— SDA 1001
—e—TODA 979
g4.4 and #80 point

—e— TODA
g4.4 and #80 point

985

©

o

o
1

600

300

o
1

13 33

Number of AFPs of unbalance amplitude

T ¥ T ¥ T ¥ T T T T T T T T
#1 disc #2 disc #3 disc #4 disc #1 disc #2 disc #3 disc #4 disc

(a) (b)

Figure A12. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of g4.4 using #80 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.

(2) Simulation results for h1.4

In this simulation, #10, #20, #30, and #40 points are used, respectively, and the other
m + n measuring points are at the discs and bearings.
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where SDA_M1y,4 and SDA_M?2,1, are the matrix of the maximum identification error for
rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point
conditions using SDA; TODA_M1y,4 and TODA_M2y,,4 are the matrix of the maximum
identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under
different adjustment point conditions using TODA.
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Figure A13. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h1.4 using #10 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A14. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation

of h1.4 using #20 point as one of the required measuring points and a 0.1 nm resolution: (a) results of

unbalance amplitude; (b) results of unbalance angle.
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Figure A15. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h1.4 using #30 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A16. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h1.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.

(3) Simulation results for h4.4

In this simulation, #10, #20, #30, and #40 points are used, respectively, and the other
m + n measuring points are at the discs and bearings.
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where SDA_M1jy4 and SDA_M?2;,44 are the matrix of the maximum identification error for
rotor unbalance amplitude and the angle of #1 to #4 discs under different adjustment point
conditions using SDA; TODA_M1y44 and TODA_M2y,44 are the matrix of the maximum
identification error for rotor unbalance amplitude and the angle of #1 to #4 discs under
different adjustment point conditions using TODA.
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Figure A17. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h4.4 using #10 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A18. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h4.4 using #20 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A19. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h4.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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Figure A20. Statistical results of the number of AFPs of rotor unbalance of each disc in the simulation
of h4.4 using #40 point as one of the required measuring points and a 0.1 nm resolution: (a) results of
unbalance amplitude; (b) results of unbalance angle.
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