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Abstract

A permanent magnet torque motor’s (PMTM) zero is very easily shifted under the dual thermal changes of structure and
material in a high-temperature service environment. The aero-engine electro-hydraulic servo valve’s service performance is
greatly impacted by the thermal stability of zero bias. However, it is difficult for designers to maintain the stability of the
servo valves’ zero position since the fundamental reasons of zero-bias and its effective suppression measures are still
unclear. Aiming at this issue, the mechanism of the generation and evolution of the zero-bias of PMTM is analyzed deeply,
and a zero-bias predictive model of PMTM is created by combining response surface methods and finite element analysis in
this paper. Relative experiments are conducted, and the findings reveal that the practical and theoretical values of the zero-
bias distribution characteristic parameters for batch PMTMs are all of the same order of magnitude. The greatest relative
errors between theoretical and actual values for the output displacement of the feedback rod ball of PMTM at 30°C and
180°C are 10.6% and 10.7%, respectively. Additionally, the armature assemblies’ thermo-solid coupling deformation has the
biggest impact on the thermal drift of zero-bias for PMTM at high temperature. The zero-bias of PMTM at room tem-
perature can be efficiently suppressed by preferentially limiting the range of vertical difference between the four air gaps. In
conclusion, this work offers a useful theoretical reference for studying the zero-bias of electro-hydraulic servo valves.
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Introduction factors, including processing error of magnet pole face,
interference and screw connection, electromagnetic de-
flection of the armature, thermal-solid coupling defor-
mation of the structure, and magnetic performance
degradation, can easily cause the four air gaps of PMTM to
deviate from their ideal design value. The addition of a
temperature field, in particular, will exacerbate the prob-
lem. Early in the product design process, effective material
selection and fit clearance design have a substantial
buffering influence on the thermal stress distribution be-
tween precision parts during the high-temperature

The electro-hydraulic control valve, as the core control
element in the aviation hydraulic transmission system, is
designed to efficiently and accurately convert the input
low-power electrical signal (current or voltage) into hy-
draulic power output (flow and pressure), thereby con-
trolling the motion direction or speed of the actuator.
Whether the electro-hydraulic servo valve' seeks ultimate
dynamic accuracy or the electro-hydraulic directional
valve” ensures dependable commutation, the essential aim
is to complete the energy form conversion of ‘electric-
mechanical-hydraulic.” The servo wvalve, a precise
electromagnetic-mechanical-hydraulic integrated compo-
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process.® Temperature affects PMTM material parameters
such as the elastic element’s Young’s modulus and
Poisson’s ratio, as well as the thermal degradation of
magnetic properties; structural parameters include the
thermo-solid coupling deformation of the magnetic cir-
cuit and armature components. As a result, the zero
position of PMTM is prone to drift due to the multiple
coupling heat effects of the aforementioned
manufacturing, assembly, structure, material, and tem-
perature, resulting in the stability and reliability of the
zero bias performance of the electro-hydraulic servo
valve lagging significantly behind the development needs
of the equipped main engine. Furthermore, since the
aviation manufacturing business has grown, a multi-
variety and batch production mode has steadily
emerged as the primary mode of production.” The basic
premise of quality performance prediction is to create a
quality prediction model that takes key influencing as-
pects of the manufacturing process as input and outputs a
quality characteristic index. Mass-produced servo valves,
in particular, have poor zero-bias performance consis-
tency at high-temperature service conditions, and there
are gaps and shortcomings in the internal mechanism and
suppression technology. It is critical to do predictive
modeling studies on the zero-bias and performance
consistency of mass-produced servo valves.

The zero-bias performance of the PMTM, which is the
primary motor conversion component of the electro-
hydraulic servo valve, has a significant impact on the
servo valve’s zero-bias stability. Its output properties have
been extensively examined during the last few decades.
Merritt'® created a rudimentary magnetic circuit model of
PMTM in the 1960s. Subsequent researchers enhanced this
model by including additional features such as permanent
magnet reluctance and flux leakage,'' magnetic element
reluctance,'? coil flux leakage,'” fringing effect,'® eddy
current,” and unequal air-gap thickness.'® Chen et al.'’
developed an improved model that can account for a
variety of parameters, such as non-working air gaps, the
fringing effect at limiting holes, the nonlinear permeability
of soft magnetic material, and so on. The significance of
each element on the created model’s accuracy was then
quantitatively evaluated. The ambient temperature of an
electro-hydraulic servo valve used in aero engines varies
greatly. The temperature of the fuel metering device of an
aviation engine can range from —40°C to 120°C.'® Yan
etal.,!’ Kang et al.,zo Ma et al.,21 and Liu et al*?> examined
the thermal impacts on EHSV performance and developed
a temperature-dependent model for PMTM. The models
described above are all simplified analytical models based
on a single PMTM. There are few studies on the PMTM
zero-bias model, and essentially no research that takes all
of the above aspects into account when predicting the zero-
bias characteristics of PMTM or servo valves. The existing
study on the factors of zero-bias instability of the servo
valve can be described as screw assembly stress,*” air gap
length,?*** structure thermal deformation,” and magnetic
parameter temperature change.”’ Furthermore, the ma-
jority of them concentrate on the impact of single

functional component structure manufacturing parameters
and single physical field performance parameter changes
on the zero-bias performance of the servo valve, which
fails to reveal the zero-bias generation mechanism and
evolution of the servo valve under the combined action of
multi-factor and multi-physical field coupling. Further-
more, there is a scarcity of relevant theoretical references
and technical support for the issue of poor zero-bias
consistency encountered by mass-produced servo valves.

In this paper, the torque motor of a specific type of
electro-hydraulic servo valve is used as the research object,
and a prediction model of the zero-bias of PMTM of the
electro-hydraulic servo valve is proposed, incorporating
response surface methodology and finite element analysis.
The model takes into account a variety of parameters, such
as machining errors on magnetic pole surfaces, interfer-
ence and screw connections, armature electromagnetic
deflection, and temperature impacts on structural defor-
mation and magnetic characteristics. To validate the
model, tests are performed on the zero-bias of batch
PMTMs at room temperature, as well as the output dis-
placement of a single PMTM at high temperature. The
validated model is used to analyze the effect of various
parameters on the zero-bias of PMTM, and process
methods are given to suppress the zero-bias of PMTM at
room temperature.

Surrogate model of static output
displacement for PMTM

Structure of PMTM and physical model of
electromagnetic torque

The structure of the investigated PMTM, depicted in
Figure 1(a), consists of setscrews, a support tube, an ar-
mature, adjusting shims, support blocks, an upper yoke,
permanent magnets, control coils, a bourdon tube, a lower
yoke, and a fixed base. As shown in Figure 1(b), the
working principle of this PMTM has been described in
depth in our earlier work,'” thus no additional explanation
is required here.

An equivalent magnetic circuit model for the PMTM is
shown in Figure 2, which builds upon the equivalent
magnetic circuit physical model of the PMTM given in
Ref. 17. The resistance of the upper and lower yokes, the
fringing effects at the limiting holes, and eddy current
effects within the magnetic components are all excluded
from the model. Our earlier work'” demonstrated that these
parameters have no effect on the PMTM’s static deflection
displacement.

Kirchhoff’s first law of magnetic circuits states that any
node in a magnetic circuit has an algebraic sum of zero
magnetic flux. Equations (1)~(8) illustrate how the
equations were established using the eight nodes in
Figure 2.

Yebs = b7 + b, (1)
b = by + Py 2
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Figure 1. Structure of PMTM and principle of operation.
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Kirchhoff’s second law of the magnetic circuit states
that the algebraic sum of the magnetic potential is equal to
the algebraic sum of the magnetic potential drops for any
loop in the magnetic circuit. The equations indicated in
equations (9)~(14) were established using the six closed
loops in Figure 2.

My = R + 7Ry + 7,Rp2, )]
My = Rnbs + 74Rgaby + 73Re33 (10)
2y Nei = Raryg + Rapyy — 1aRupy + 71 Ry (11)
2y Nei = Raipyg + Ry + 73Rpds — 7aRpp,  (12)

(13)
(14)

YeNel = Ra1h1g — Rugi b + 71 Rg1 by

YeNei = Rppyy — Ry + 73Re3 b3

Where ¢~ 4 are the fluxes through magnetic elements,
M, is the magnetic potential of the permanent magnet,
My = Bl /ity, B; is the remanent magnetism of the per-
manent magnets, /,, is the effective length of the permanent
magnets, /., is the magnetic permeability of the permanent
magnets, um = Holp, Mo is the air permeability, pg
4nx10~7 H/m, Up is the relative recoil permeability of the
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Figure 2. Equivalent magnetic circuit of PMTM.
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Table 1. Main parameters of PMTM.

Parameter Value
Turn of a single coil N, 950
Remanent magnetism of the permanent magnets B, (T) 0.58
Relative recoil permeability of permanent magnets i, 2
Cross-sectional area of permanent magnets A, (mm?) 90.96
Length of the permanent magnets I, (mm) 10.4
Resistance of non-working air-gap | R, H™ 4.0 x 107
Resistance of non-working air-gap 2 R, H™ 1.0 x 10®
Effective area of the armature pole surface A, (mm?) 1.1
Rotation radius of the armature r, (mm) 15

Flux leakage coefficients of the permanent magnets y,, 0.205
Flux leakage coefficients of the coils y. 0.75

Flux leakage coefficients of the air-gaps i = |4 0.855

permanent magnets, N, is the number of turns per coil, i is
the control current in the single coil, Ry, is the resistance of
the permanent magnets, Ry, is the resistance of outside air
that is connected to the permanent magnets, R,; and R, are
the resistances of the left and right halves of the armature,
respectively, Ry1~R,4 are the resistances of working air-
gaps 1~4, respectively, R,;; and Ry, are the resistances of
two non-working air-gaps, and y. is the flux leakage co-
efficient of the control coils. The flux leakage coefficients
of the permanent magnets (ys and ys) are constants, so ys =
Y6 = Pm Can be set.

The electromagnetic torque 7;,,, of PMTM can be given
as

2 2 2 2
T, = Ta [(yld)]) — (2$2)" + (1303)" — (1a94) ] (15)

24t

Where r, is the rotation radius of the armature, y; (i = 1~4)
is the flux leakage coefficient of four air gaps, and A4, is the
effective area of the pole surfaces of the yoke.

A physical model of the electromagnetic torque of
PMTM is established by equations (1)~(15). The exact
values of the parameters are listed in Table 1.

Surrogate model of electromagnetic torque

Nevertheless, it is difficult to obtain an explicit equation for
the zero-bias of PMTM due to the complex physical model
of static electromagnetic torque given by equations
(1)~(15), and it is not possible to predict the zero-bias of
PMTM. Therefore, in order to establish an explicit zero-bias
model for PMTM, a surrogate model of electromagnetic
torque must be used. Based on references'® '3, the rela-
tionship between electromagnetic torque Ti, armature
deflection angle 6, and input current i, may be expressed as
follows, assuming that the four initial air gaps of the PMTM
are exactly symmetrical and equal to the ideal values.

Tim = Kiic + Kmea (16)

Where K; (units: N-m/A) and K,,, (units: N-m/rad) are the
electromagnetic torque constant and magnetic bourdon
stiffness, respectively, and 6, is the deflection angle.

In actuality, even if both i, and 8, are zero, the armature
nevertheless experiences electromagnetic torque (7,70)
due to the initial asymmetric air gap. Hence, a novel
expression of static electromagnetic torque can be
presented.

Ttm - TtmO + Ktic + Kmea (17)

We assume that T, K, and K,,, are functions with the
four air gaps X,; (i = 1~4) and remanent magnetism B, as
independent variables, respectively, since the electro-
magnetic torque model of PMTM is directly related to the
four air gaps X,; (i = 1~4) and remanent magnetism B,.

TtmO = TtmO (Xglan2an3an4sBr) (18)
Kt = Kt (XglanZanSng4aBr) (19)
K =K, (XgI:XgZan3an4a Br) (20)

To derive equations (18)~(20), the concept of second-
order response surface polynomials is introduced further.

4 4 4
Ypo(X) = ao + alX; + Z ainiX}JrZaiiXiz (21)
i=1 ii<j) i=1
Where ag. a;» a;» a; are the undetermined coefficients
of the second-order response surface surrogate model.
To obtain the expressions of Ty, K;, and K,,, we first
assume that B, is a fixed value, B, = 0.58 T, which is
obtained by Ref. 17. Next, we suppose that X, Xg», X3,
and X4 (units: m) are the input variables X; (i = 1~4) of
equation (21), and the output variables Yo(X;) of equation
(21) are Timo(Xg1, X2, X3, X4 Bo)lar = 0.581> (units: N-m),
Ki(Xg1, Xg2, Xg3, Xga» Bolae = o.5s7(units: N-m/A), and
Km(Xgls ng, Xg3, Xg4, Br)lBr = 0_58T(units: N-m/rad), re-
spectively. We set the range of variation of the input
variables X1, Xg0, Xg3, and Xy4 to (320~340) um since the
ideal value of the air gap is 330 um. Four sets of 10,000 air
gap samples are extracted within this range. Lastly, the
TtmO(Xgla Xg2» Xg3: Xg47 Br)‘Br = 0.58T> Kt(ng Xg2: Xg3, Xg4a
Bo)lar = 0.581 and Kin(Xg1, Xgo, Xg3, Xga, Br)lr = 0,587 Can be
derived by identifying the electromagnetic torque physical
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Figure 3. The variation of Ty, K;, and K, with respect to B, under any four air gaps, respectively.

model built by equations (1)~(15), as shown in Figure A.1
and equations (A.1)~(A.3) of the Appendix.

Similarly, Latin hypercube sampling yields four groups
of air gap combinations in (320~340) um. The results
calculated by the physical model of Ty, K, and K, at
various B, are shown in Figure 3 when we set the variation
range of B, to be (0.01~0.6)T.

Additionally, we nondimensionalize the results of T\,
K, and K,,, which are defined as Ty, K", and K",
respectively, as shown by equations (22)~(24). The results
of Timo", K¢, and K,," at varied B, are compared in
Figure 4. Timo", K¢, and K,,," are found to be only asso-
ciated with remanent magnetism B, and independent of the
four asymmetric initial air gaps, Xy, Xy, X3, and Xgq.
This work shows that the effects of B, and X; on Tymo", K",
and K,,," are independent of each other.

TtmO (Xgl anZa Xg3 ng4s Br)

™ = (22)
mo TtmO (Xgl >Xg23Xg3ng4s Br) | B;=0.58T

K (Xgl 7Xg2’ Xg3 ’Xg‘h Br)

K= (23)
t Kt(Xgl’Xg2’Xg3an :Br)|3,:o4ssT
Ko (X1, X2, X3, Xg4, Br
Kb — (gl 82> g3 g4 ) 4)

m Km (Xg];Xg2,Xg3,Xg4,Br) | B,=0.58T

Based on the finding above, the equations (22)~(24)
can be further rewritten as

TtmO (Xgia Br) = TtmO (ng Br)

B,=0.58T * Tymo (25)
Kt (Xgi, Br) == Kt (Xgi7 Br) | B,=0.58T * Ktn (26)
Km (Xgi: r) = Km (Xgia Br)' B,=0.58T * K:; (27)

Where the specific expressions of Ti,0", K", and K,," can
be fitted from Figure 4.

1 (B,—0.89358

2
T, =10 (B) = 1.65xe 2 Caawn ) —0.0529 (28)
K" = K™(B,) = 1.73x B, + 0.00425  (29)

1. /B;—0.89696+ 2
K" = K" (B,) = 1.66x e 2*(Cazmnr ) —0.0533 (30)

Based on equations (25)~(30), the surrogate model of
static electromagnetic torque for a single PMTM can be
given as

Ttm = TtmO (Xginr) + Kt (Xgi, Br) s+ Km (Xgia Br) ' ea
€2y

Surrogate model of static output displacement

The surrogate model of static deflection displacement of
PMTM at room temperature can be given as
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Figure 5. Computational accuracy and error between the surrogate model and physical model of deflection displacement of PMTM.

(32) can be effectively used as an alternative to the
complex physical model to derive subsequent explicit
expressions of zero-bias for PMTM.

To further validate the above conclusions, we examine
the comparative results and inaccuracy of the physical
model and the surrogate model for the PMTM’s static
deflection displacement at various temperatures. Figure 6
shows that the static deflection displacement curves cal-
culated by the physical model and the surrogate model at
different temperatures are essentially the same, with errors
within 1.5 um. This finding also demonstrates that the
static surrogate model of PMTM at high temperatures can

Tim = Ttmo (Xgi; Br) + K (Xgi, Br) e

32
+Km (Xgi’ Br) ' 9& = Ktubega ( )

Where K. is the bourdon tube stiffness, 6, is the de-
flection angle, 6, X./r,, and x, is the deflection
displacement.

Figure 5 illustrates the computational inaccuracy of the
static displacement of PMTM between the surrogate model
created by equation (32) and the physical model built by
equations (1)~(15). The findings reveal that the relative
computational errors of the displacement of PMTM of
both models are within 1 pm. This proves that equation
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Figure 6. Calculation results and errors of the physical model and the surrogate model under high temperatures.
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accurately replace the static physical model of PMTM at
high temperatures.

The Appendix’s Figure A.2 and equations (A.4) and
(A.6) provide the prediction accuracy of the third-order
response surface surrogate model. The results reveal that
the prediction accuracy of the second-order response
surface for estimating the output displacement of the
PMTM is adequate.

Besides, Figure 5 shows that regardless of the air-
gap perturbation, the static displacement curve of
PMTM remains a straight line at any B,. Its equation is
uniquely given by the zero (igmo, 0) and slope dx,/di..
iymo denotes the zero-bias current at x, = 0. The slope
dx,/di. represents the output displacement gain of
PMTM. As the temperature rises, the initial four air
gaps (Xg1, Xg2, Xg3, and X,4), remanent magnetism B,,
and Bourdon tube stiffness (Ki,p.) change. We define
the above variables at T'individually as Xng, Xo> r Xg3 r
Xga', B, and Kyupe - While Xg, ) X', Xg3”, and Xga”
are PMTM’s four air gaps following thermoset cou-
pling expansion, the armature has no electromagnetic
deflection. Note that the superscript 7 of variables is
uniformly used to signify the thermal effect, but those
without it are all at 20°C.

Referring to equation (32), the surrogate model of
static displacement of PMTM at temperature 7 can be
given as

1o (X0, BT ) + KT (X0, BT) -ie

(33)

+K] (X0, BT) 0, =KLy - 0,

In summary, equations (32) and (33) describe the sur-
rogate models of PMTM static properties at room tem-
perature and high temperature, respectively, and serve as
the foundation for the later creation of the zero-bias
model of PMTM.

Zero-bias prediction model for PMTM

Connotation of zero bias and air gap
disturbance factors

According to the definition of zero-bias of the electro-
hydraulic servo valve, the ratio of zero bias current #;,,o to
the rated current i, is zero bias.

Zon = 110 100% (34)

er

When the zero-bias current iy, is input to PMTM, 6,
should be equal to 0. That is, the torque generated by zero-
bias current and the Ty, are offset. Based on equations
(25) and (26), and substituting the #;,,o into equation (32)
when 6, is equal to 0, the zero-bias Z,;,, at room temperature
and the zero-bias Z,,,” at temperature 7 for PMTM can be
given as, respectively.

' T,
Ziw = "0 % 100% = ——2
ire K - i
. (33)
tm0 (XgI,XngXg3’Xg4, Br)
% 100%
Kt (Xglng29Xg39Xg4aBr) e

o or, Tho(XXLXL XD

L = Krlm- = x100%
Ui KT (Xng,XgTZ,XgQ,XgQ,B{) e

(36)

According to servo valve performance indicators,
the zero-bias should not exceed 3%, which is strongly
tied to fluctuations in the initial four air gaps (X, Xg»,
Xg3, and Xg4). Figure 7 depicts the elements that in-
fluence the four air gaps of PMTM. These factors
include processing errors on the yoke and armature’s
magnetic pole surfaces, interference fits between the
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Figure 8. The perturbation form of air-gap length.

armature and support tube, screw connections of
magnetic circuit components, electromagnetic deflec-
tion of the armature caused by magnetization, thermal
reconstruction, and temperature-induced magnetism
changes. In conclusion, these factors considerably
break the symmetry of the four air gaps, causing the
zero-bias of PMTM or servo valves to exceed the
required limitations.

Figure 8 illustrates the generation mechanism of the
effect of the above factors from Figure 7 on air gap
disturbance: As shown in Figure 8(1), the initial air gap
in this state exhibits perfect symmetry, with the design
value go. As shown in Figure 8(2), the effect of the
processing error of the magnet pole face on the air gap
was further considered in this state, denoted by go,* ~
204" The superscript A denotes taking the magnetic pole

(a) Completely svmmetrical but

Represents the actual position

|
=

(b) Asymmetrical vertically but

(c) Asymmetric horizontally but
svmmetrical vertically

symmetrical horizontally
unequal to gl ; 3 )
=+~ Honzontal direction
Perpendicular direction
\q;.J_ \g:o|
o | e
""""—""--' L —————————— 4
e = e =)

(d) Asymmetric horizontally and
vertically but central symmetry

Figure 9. The perturbation form of air-gap length.
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surface’s machining imperfection into account. As
shown in Figure 8(3), the connection force of pre-
tightening and interference is further considered in
this state, denoted by go;™* ~ go4™ ©* *". The superscript
F denotes taking the connection force. As shown in
Figure 8(4), the electromagnetic deflection of the armature
is further considered in this state, denoted by go;™ © & ~
go4™ © P'. The superscript B, denotes taking into account
the armature’s electromagnetic deflection brought on by
magnetization. As shown in Figure 8(5), the effect of
temperature on thermal deformation and magnetism is
further considered, denoted by go;™ © &% T ~ g, 2 85 1.
The superscript T denotes taking into account how tem-
perature affects magnetic temperature change and thermo-
solid coupling.

connection of interference and screws at 20°C.

To summarize, in order to achieve the precise ex-
pression of the zero-bias model of PMTM, the air gap
disturbance model must be established first. As a result,
Sections 3.2 and 3.3 provide explicit expressions for the air
gap disturbance model of the proposed disturbance factors.

Air gap disturbance model at room temperature

As shown in Figure 8(2), the air gap disturbance model
20:(g0™ = goi T Agoi”, i = 1~4) caused by processing
errors of the magnet pole face can be regarded as four
forms in Figure 9. The gy; is the ideal value go. It is
assumed that the perturbation causing an increase in the
length of the air gap is positive. For the four forms in
Figure 9, we can get four models.
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FEA mesh model of PMTM in ABAQUS and simulation results at 20°C.
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A
Eor 8ot + Agao go1 + Agvwo
20 _ | 82+ Ago | _ | 82— Agw
255 803 + Agawo 803 — Agvo
A 8o4 + Agao gos + Agwo
8o4
o1 + Agno go1 + Agyo
_ | 8+ Agho _ | 80— Agro 37)
803 — Agno 803 + Agro
8o4 — Agho 804 — Agro

where Ag.o, Agvo, Agho, and Agyy represent the average
perturbation, the vertical perturbation, the horizontal
perturbation, and the rotation direction perturbation, re-
spectively, of the air-gap lengths. According to equation
(37), the change in air gap compared to the ideal value
induced by processing errors on the magnet pole face is

Agy, 201 —&on 11 1 1 Aguo
Agp, _ 20 —8&n |1 =11 —=1|]Agw
Agh, gy —gm 1 -1-11 Agno
Ag§4 g€4 — 804 P =1 =1] [Ago
(38)

Under the actual processing conditions of PMTM, we
typically limit the processing errors of the magnet pole face
on the air gap, i.e., Ago"<Err Ago (i = 1~4).

As seen in Figure 10, the subtraction of a,"and a,", b,
and b,", yields the upper and lower air gap perturbation
models g \F"and gozF of PMTM induced by the connection
of interference and screws at 20°C.

Pre-tightening force and armature interference, denoted
a;" and a7, and b," and b,”, are taken into consideration
while modeling the positions of the yoke’s magnetic pole
surface and the armature in relation to the top surface of the
fixed base. Figure 11(a) and (b) displays the FEA mesh
models of armature assemblies and magnetic circuit as-
semblies using the ABAQUS platform. The predicted

cloud diagram for vertical displacement at 20°C is shown
in Figure 11(c) and (d).

The a," and a,”, b, and b,", can be obtained as
follows by fitting the simulation results of Figure 11(c)
and (d):

adl =a — At = a1_4Fms()/kmf]

ag =a, — Aa‘; = a1—4Fmso/kmf2

b= 0.0132699 — 0.825,x = b, — AbY
bi=0.0115298 — 0.746:, = by — Ab
oh = af — b — g — Ad{ + BB

8o = b5 — a5 =go+ Adj — Ab;

(39)

where a; and a, are the ideal sizes of the magnet pole
surfaces of the upper and lower yoke in relation to the top
surface of the fixed base, respectively; k;,pand ky,p are the
equivalent stiffnesses affecting Aa Fand Aay™; 8, is the
interference fit value of the armature, which affects the
Ab,* and Ab,", respectively; and b, and b, are the ideal
sizes of the upper and lower magnet pole faces of the
armature in relation to the top surface of the fixed base,
respectively. We can calculate the k,; = 6.05 X 10® N/m
and the kpp = 3.03 x 10° N/m based on the simulation
results of Figure 11 on ABAQUS.

Referring to equation (38), the change of air gap relative
to the ideal position at 20°C caused by the connection of
the interference and screws is

Agg, 20 — &0l 11 1 1 AgF
Agg 8p—8n| |1 —1 1 —1]|Ag
Aggs - 203 — o3 R Agy
Agg o4 — 804 b=t AgF
(40)

Where AgaF R Ang, AghF, and Ang represent the average
perturbation, the vertical perturbation, the horizontal
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perturbation, and the rotation direction perturbation, re-
spectively, of the air-gap lengths caused by F,so and Jiy.

Considering the symmetry of the structure and pre-
tightening force, there are AgOIF = AgO4F and AgOZF =
Agos". Adding equations (38) and (40), the air gap dis-
turbance models go; " © ~ g04A’ # caused by the connection
of interference and screw in Figure 8(3) can be given as

AF
&oi 20 11 1 1 Agw +Ag;
g5 | g 111 —1]| |Agw+Ag’
ar | = Tl -1
o 803 Agho+0
g§4F o4 11 -1 -1 Agr0+0

41)

Where [g01™ 7, 202™ 7, 203™ "> goa™ 71" is the air gap model
when PMTM completes the connection of interference and
screws, but the permanent magnets are not magnetized.
Following the permanent magnet’s magnetization, the
armature assemblies deflect at a specific angle in response

to the electromagnetic force, which further modifies the
PMTM’s four air gaps. Consequently, the deflection angle
0,2 of armature assemblies must be determined.

We can suppose that 6,% functions with four air gaps,
Xg1, Xgo, Xg3, and Xg4, and B,, by referring to equations
(25)~(27).
by = HaA (Xgl’XngngXg‘hBr)

a

(42)

Referring to the equations (22)~(24), using second-
order response surface polynomials, Figure 12(a)
shows the variations of deflection angle of armature
assemblies 6, with B, under any four combinations of
air gaps. Then, we nondimensionalize the calculation
results of 6,°.

(gA)" _ HaA (Xgl’XgZanth%Br)
¢ HaA (Xgl ,XgZ:Xg3>Xg4,Br)

(43)

B;=0.58T

Where (0,%)" is the dimensionless expression of 6,
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The dimensionless results of 8, at any B, are contrasted
to the results at B, = 0.58 T in Figure 12(b). Similar to the
data examined in Figure 4, we can still observe that ©0,.5"
is simply related to B, and independent of X, 2, Xg3,
and X,4. As aresult, we can further rewrite equatlon (43)

08 (X B:) =(02)" - 02 (Xeis B.) | 5 _ossr = 0.01899

=0.58T

+ 0.00194¢ 003(;31 HA (XgnB ) ‘ Br=0.58T

(44)

The data in Figure 12(b) can be used to fit (8,*)". The
appendix contains the result for 6, ( oi» Bolpr =
o.sgr(rad).

Substituting X,; = [ 20" g™ F gos™ F goa™ T of
equation (41) into equation (44), we can have

B;—0.05402
0 =0.01899 + 0.00194¢ 0.08331 -

—189.479 + 3.148 x 10° (Agu + Ag’) |

AgrO
—266891.781 (Agyo + AgF)

27703 — 432506.139 (Agyo + Ag”) |

N . Agno
+814545.502(Agyo + Ag”)

(45)

Figure 9(d) illustrates that the armature’s deflec-
tion angle 6,” only causes disturbance along the axis.

As shown in Figure 8(4), the air-gap model go, ™ ©* %" ~
go4A £ Bris induced by electromagnetic deflection of the
armature.

AF,B; F
&oi o1 1 1 1 1 Agy +Ag,
g gn I -1 1-1 Agvo+Agh

ars | = Tli-1 -1 1
g3 803 Agho+0

1 1 -1 -1
g m] L8 Agio — 10"
(46)

In actuality, an error range is generally specified for air-gap

length, go © &', after magnetization.
AF.B AFB,}<Err 2
AF.B, _ _AF.B
g0 — goi" " |<Err_g @)
&7 — g™ <,
g — g <Errg,

Where Err g, and Err_gy, are the error ranges for con-
trolling the initial air-gap length perturbations in the
vertical and horizontal directions, respectively.

Air gap disturbance model at high temperature

As illustrated in Figure 13(a), the upper and lower air gap
models go,”* " and go,”" 7 induced by temperature can be
further produced by subtracting the thermal displacement

model between magnetic circuit components and armature
assemblies (i.e., g()lF’ r= alF r bl . g()zF T= sz, T—azF’ T).
The Appendix’s Tables A.1 and A.2 contains a list of the
physical-mechanical parameters used in PMTM.

The screw of magnetic circuit components elongates by
AZ in relation to the fasteners being fastened when the
temperature varies by A7. The dimensions (i = 1~9) of
each component at temperature 7 can be computed using
the free thermal expansion as

I"' =14+ A" =1,(14+0,AT)
AL :[a111 — (0(2[2 +(l3l3 + 0!4]4 —|—a515 +(X6l(, +(X7l7)]AT
(48)

Where Al is the thermal expansion of the part, AT =
T—To(To=20°C), and ¢ is the coefficient of the connected
parts of PMTM in Figure 13(a), respectively.

As seen in Figure 13(b), we assume that the screw’s
deformation at temperature 7' is /ImsT and the overall defor-
mation of the fastened parts is A1 . Hooke’s theorem states
that since the total pre-tightening force is 4F,q, we have
F ;s - F ms0

kT
T T T
4(Rn;€T FmSO)F£S _ FmsO + kmskmfl M
mfl 5 (kms =+ k[{lfl)

(49)

AL = ;Lrj;ls — s Jr/IrTnfl — Amf1 =

Where ks’ and kye” are the equivalent stiffness of a
screw and connected parts, respectively, at the
temperature 7.

It is worth noting that in the preceding derivation pro-
cedure, the setscrews and related parts are assumed to be
under unidirectional tensile or compressive stress. However,
it should be noted that both screws and linked parts undergo
diverse stress states. To adjust the thermal displacement of the
upper and lower yoke pole surfaces, a correction coefficient
(&1 and &) related to Fi is required.

Aaf =0 +1] + 15+ 1 — I —a
Aay =1 + 1L+ 10 + 15 —ay
alT:al—&—flAalT
azT:a2+4‘2Aa2T

(50)

Then, referring to equation (39), the a;”* 7, and @™ 7 in
Figure 13(a) can be given as

F.T _ T /.T
a, —a1 —4F, /kmfl

4F
_a|+AT§1<ZOCZ a818>_k7-ms
'mf1

F.T _ T /,T
a, —a2 —4F, /kmt2

4F
=a, + AT&’:Z (Z 0(,‘1,' + 0(9[9) — kTms
i=4 'mf2
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Figure 14. The Cloud image of thermal displacement of PMTM at T = 200°C.

Where kyp’ is the equivalent stiffness of the fastened 20°C and 200°C. The FEA findings of the b5 T and by 7,

parts. are shown in Figure 15(e) and (f), respectively. The link
Each connected part’s temperature coefficient of between b,” 7, and b, Tat T=200°C and 6, is yielded by
Young’s modulus is assumed to be equal to streamline the fitting the data, respectively.

computation. The ke and k! can be expressed as
BTy 00c= 0.01329665 — 2.015;

kén = (14 AT )kt (52) BT oeec= 0.01155365 — 2,016, 4)
kniz = (1 + AT ) k2
According to Figure 13(a), we can have
Similarly, the thermal displacement of armature as-
semblies b,"> "and b, 7 in Figure 13(a) can be given as F.T F.T . F.T
&i =a; —b =
bF,T — bl +AbF,T 6 4F£s
bll’,T sz—l—AbI}’T (53) go+180x ¢, ;aili—aglg —K—AblF’T
F,T F, T F.T (55)
The temperature displacement simulation results of 8y =by —dy =
armature assemblies and magnetic circuit components 6 AFT
utilizing the ABAQUS platform are shown in Figure 14. g0+ AP T 180 x¢&, Z ol + aoly | + kTmS
The simulation results obtain the &; = 1.23 + 1.81 x i=4 mf2
10 Fg0 and & = 1.13 + 1.5 x 107" F0. The theoretical
and FEA findings of ¢, 7, and a,” 7, respectively, are Referring to equation (40), the thermally induced
shown in Figure 15(a)~(d). The theoretical calculation variation in four air gaps with respect to the values at 20°C
errors of a;” 7, and a,™ 7, are both within 2.0 pm between can be stated as follows:
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Figure 15. The simulation results of the position of the magnetic pole surface under high temperature.
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Agy" g —ghy L1 1 11 [2er’
Ag' | lew —gn| |1 -1 1 —1||Agl”
Agi" | | g — g =1 =1 1 AgpT
agi’) et -and U T T T g

(56)

Where gOIF and gozF come from equation (39).

Then, substituting the AgaF' r Ang' r AghF' T and Ang' r

into equation (41), we can have

AF, T

&oi [go 1111
@ | _fa] |1 -1 1
e P -1 -1 1
géiF,T L&o 1 1 -1 —1 -
[Agw + Mgk + AghT
Agwo + Agl + Agl T
Agno+0+0
| Ago+0+0
Where [gmA’ T gozA’ e gosA’ e g04A’ £ T is the air

gap model caused by thermoset coupling expansion, but
the armature did not experience electromagnetic
deflection.

In the modeling of temperature-induced air gap dis-
turbances, according to the FEA, the change of the
magnetic pole surface generated by the PMTM’s thermo-
solid coupling deformation is vertically symmetric. When
the four initial air gaps are only vertically symmetrical
(i.e., 2017804 and goo#g03), the armature does not expe-
rience electromagnetic deflection. Additionally, there is no
nonlinear interaction between the thermal-solid coupling
deformation of the air gaps and magnetic properties.
However, when the four initial air gaps are horizontally
asymmetric (i.e., go17gos4 and gor#go3), the armature as-
sembly experiences electromagnetic deflection due to
unequal reluctance. The greater the horizontal asymmetry
of the four air gaps, the greater the armature deflection
angle. This results in a nonlinear interaction between
thermal-solid coupling deformation and the magnetic
properties of the four air gaps.

Zero-bias prediction model of PMTM

Based on the Z,,, of equation (35) and Z,,,” of equation (36)
in Section 3.1, the [Xg;, Xy, Xy3, Xpa] of equation (41) in
Section 3.2, and the [Xg;", ngT, Xg3T, Xg4T] of equation
(57) in Section 3.3, the specific expression of the zero-bias
prediction model of PMTM can be derived directly.

Firstly, substituting the [go1™ % g02™ © g03™ %, goa
of equation (35) into TtmO(Xgla XgZy Xg?n Xg49 Br)|Br = 0.58T»
Ki(Xg1, Xg2, Xg3, Xgar Bo)lr = 0,581 Kn(Xg1, X2, Xg3, Xga,
B))|: = 0.5sT of the Appendix as well as neglecting the high-
order terms, the Ti,o (unit: Nem), K; (unit: N-m/A), and K,
(unit: N-m/rad) in equations (25)~(27) can be rewritten as

A, F
]

Timo (Xgi;Br) = Ttlrln() *Timo (Xgi;Br) B,=0.58T

1 /B,—0.893582
= {1,65xe‘ix( 0.32873 ) —0,0529} X
— 581Ag0+2.458 x10° (AgaoAgio + Agh Agr)

+ 83.346Agy0 +2.45 % 10° (AgyoAgno + Agl Ago)

(58)

Kt (Xgi;Br) :Ktn (Br) ‘Kt (Xgi,Br) B=0.58T
=[1.73%B,+0.00425]x [0.431 —1.46 10" (Ag. +Ag. )|

(59
Km (Xgi: Br) - K|I~,1~, (Br) N Km (Xgi: Br) B,=0.58T
1_/B:—0.896962
_ [1.66 e 2 Cazaor ) _ 0,0533} x
(60)

8.743.72x10*(Agw + Agl )+
3.335x10° (Agw + Ag))

Similarly, when the temperature changes, substituting
the [g01™ © " g02™ " 7 gos™ T T, goa™ 7 "] of equation
(57) into the Tino(Xg1, Xg2, Xg3, Xgas Br)lsr = 0.581 Ki(Xg1,
Koo, Xo3, Xgar BDlr = 0581 Kin(Xg1, Xg2, X3, Xoas Bolpr =
o.5s7 of the Appendix, as well as neglecting the high-order
terms, the Tyno’ (unit: Nem), K, (unit: N-m/A), and K,,”

(unit: N-m/rad) in equation (33) can be rewritten as

(BT) - 0o (2. BT)

2

TT

tm0

| (BT—0.89358
= {1,65 X e’ix( 0.32873 ) — 0_0529} X

(X;,BFT) =T,

tm0

B,=0.58T

AgaoAgo + Agh Agr )

—581Ag,0+2.458 x 10° o
+Agav AgrO

AgvoAgio + Agy Ag
83,346 x Agyo+2.45 x 10° ( oo "

+Ag" T Agno

(61)

K (ch, BI.T) =K (B]) - K! (XgC,BrT) | B.=0.587
=[1.73x BT 4 0.00425] x [0.431 —1.46 (62)

< 10° (Aga + Agy + Agy )]
K (X3 BT) = Kn(BT) - K5 (X0 BT ) | mossr
1, (B,T —089696)2

= {1.66 xe 2°\ 032901 / — 0.0533} x (63)

8.7 +3.72 % 10* (Agu + Ag’ + Agl™T)
+3.335% 10° (Agyo + Ag" + Ag™T)

The zero-bias prediction model of PMTM Z,, at room
temperature and Z,,” at high temperature T can be pre-
cisely defined by replacing equations (58) and (59) into the
Zm of equation (35) and equations (61) and (62) into the
Zum! of equation (36).
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Figure 16. Ultrasonic calibration and measurement experiment of screw preload of PMTM.

. Ttm() (Xgis 5 Br)
Kt (XgiaBr) “re

B,—0.89358

1 2
[1,65 xe‘ix( 03873 ) — 0,0529}

Zim = x 100% =

— 581Agi0-+83.346 X Ago

X [+2.458 x 10° (AguAgio + Ags Agi)

+2.45 % 10°(AgyoAgo + Agy Agno)
{ [1.73 x B, + 0.00425] x

x 100%
[0.431 — 1.46 X 10° (Agao + Agl )] } -

(64)

700 (X5..57)
_ mNET T 100%
KT (Xg{ ,B{) i

T __
Ztm -

1 (B,T7089358 2

1.65xe7 2" W) —0.0529] X

— 581Agr0+83346><Agh0

2.458%10° AguwAg+Ag, Agio
1 2.458%

+Ag, " Agio

AguoAgno +Agk Agro

+Ag"h T Agyo

+2.45%10°

= =~ x100%
{ [1.72631x B +0.004255] } . ’
e

[0.431 —1.46X10° (Agyo +Ag’ +Ag"T)]
(65)

Finally, the thermal drift of zero-bias for PMTM AZtmT at
temperature 7 can be given as

AZ] =71 — Zm (66)

Experimental verification

This section tests the validity of the aforementioned model
using three experiments. First, the pre-tightening force of
the screw in the PMTM is measured using ultrasonic
technology, and the results are compared to those from the
ABAQUS. Following that, the experimental results of the
length of the air gap, as well as the zero-bias current, are
compared to those predicted by the theoretical model,
using an image size measurement device and the zero-bias
testing bench. Finally, a testing apparatus is developed for
evaluating the PMTM’s displacement at high tempera-
tures. The output displacement of the feedback rod ball at
temperatures of 30°C and 180°C is measured and com-
pared to that predicted by a physical model.

Experimental study of the pre-tightening force

Ultrasonic technology works by sending and receiving
electrical signals to a piezoelectric ceramic sheet posi-
tioned at the head of a screw. The time difference between
the electrical signals emitted and received during the
screw’s free and tightened states is measured. This time
difference determines the screw’s elongation deformation.
The pre-tightening force is then computed using the ma-
terial’s elastic modulus, screw cross-sectional area, and
Hooke’s law. Figure 16 depicts the ultrasonic calibration
and measurement experiment of screw preload of PMTM,
and the result of the calibration coefficient is 0.03163.
The calibration coefficient is entered into the host of an
ultrasonic measurement instrument in Figure 16(b). The
electronic tensile testing machine is loaded at random, and
the results of the screw’s axial force as measured by the
ultrasonic measuring instrument and the tensile testing
machine are observed and recorded simultaneously, as
shown in Table 2. It can be shown that the calibration

Table 2. The accuracy of the calibration coefficient.

Value of testing machine/kN 0.6l 1.22 194 226
Value of ultrasonic system/kN  0.62 1.24 196 227
The error of comparison/% 163 164 1.03 04
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Figure 17. Comparison of test and simulation results.

findings have a test error of less than 2%, indicating that
they are highly accurate and can be utilized in the fol-
lowing pre-tightening studies.

As shown in Figure 17, the average value of the ul-
trasonic measurement results of the stiffness of four screws
and the simulation results are 3.9185e¢7 and 3.6956€7,
respectively, with a relative error of 5.6%, indicating that
the established ABAQUS model of pre-tightening force is
relatively accurate.

Experimental study of air gap length and zero-bias
for PMTM at room temperature

The four initial air-gap lengths (Ago,", i = 1~4) and the
interference fit value of armature J;,; are assumed to
follow a normal distribution within their distribution
range. If AgOiASErr_AgOiA (i=1~4) and 6;,<Err_Oin, we
can have Ago,»A~N(0, (Err_AgOiA/6)2) and d;, ~N(0,
(Err_0:nd/6)%). Figure 18 depicts the flow chart for air-gap
sample production and zero-bias computation for batch

PMTMs. We can obtain theoretical results for the dis-
tribution characteristics of the zero-bias and air gap of
batch PMTMs at room temperature, which are then
compared to the experimental data. The theoretical model
has an initial value of n = 100, Err Ago” = 40 pm,
Err Oine =5 pm, Err_gn, = Err_g, = 100 pym, T = 20°C,
Finso = 2200N, and B, = 0.58 T.

As shown in Figure 19, an image-size measuring
equipment extracts the lengths of the upper and lower
air gaps, while the static characteristic curve extracts
the zero bias current. The frequency distribution his-
tograms of the lengths of four air gaps and zero-bias of
10 PMTMs are obtained and compared with the the-
oretical results obtained by the gmA’ BB go4A’ FBrin
equation (46) and the Z,,,, in equation (64). As shown in
Figures 20 and 21, respectively. The distribution of air
gap and zero-bias of batch PMTM:s produced by the test
exhibits a certain fluctuation under the perturbation of
the manufacturing process parameters, which is in line
with the theoretical model’s overall forecast trend.
Additionally, Table 3 lists the theoretical and experi-
mental values of the zero-bias distribution character-
istic parameters and the air gap distribution range. It is
evident that the test’s distribution range of the air gap is
essentially in line with the simulation’s findings. There
is a certain difference between the experimental and
theoretical values for the zero-bias distribution char-
acteristic parameters, but they are all of the same
magnitude.

The difference between the test and theoretical values
can be attributed to two major factors. On the one hand,
due to test condition limitations, there is still a certain
difference between the number of PMTMs assessed by the
zero-bias test and the number of PMTMs whose distri-
bution characteristic parameters converge to a constant
value. On the other hand, the influence of the release of
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Figure 18. Flow chart of sample generation of air-gap and calculation of zero-bias and its thermal drift for batch PMTM.
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Figure 19. The comparison between the theoretical and experimental values of the lengths of the air gap of batch PMTMs.

assembly stress and creep on the air gap length is not
considered in the theoretical model, resulting in a certain
gap in the results.

Experimental study of output characteristics of
PMTM under high temperature

A new high-temperature testing system for PMTM is
created, as shown in Figure 22(a), and a physical prototype
is built, as shown in Figure 22(b). The high-temperature
environment simulation system consists primarily of a
thermostat, a relay, a ceramic heater, a left (right) insulating
pad, a fixed bracket, a thermocouple, a thermometer, and
so on. The left thermal insulation pad, the ceramic heater,
and the right thermal insulation pad form a heating and
insulation chamber that is utilized to provide a high-

temperature operating environment for the PMTM. The
PMTM is secured to the right fixation bracket using a first-
stage seat screw. High-temperature-resistant sealing tape is
used to connect the heater and the heat insulation pad,
preventing internal heat from leaking from the heating and
insulation chamber.

The conventional method for temperature control ac-
curacy and heating uniformity is as follows: The tem-
perature controller is used to adjust the heating
temperature, which controls the relay’s contact action,
turning on and off the ceramic heater. Four thermocouples
(thermocouple 1 ~ 4) are attached to various areas of the
PMTM’s exterior surface. One of the thermocouple signals
is given back to the thermostat, allowing for closed-loop
modification of the PMTM’s heating temperature. The
remaining three thermocouple signals can be linked to the
thermometer to see the PMTM’s temperature distribution.
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Figure 20. The comparison between the theoretical and experimental values of the lengths of four air gaps of batch PMTMs.
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Figure 21. The comparison between the theoretical and experimental values of the zero-bias for batch PMTMs.

During the test, thermocouple probes 1—4 are attached to
the center of the outer surface of the vertical section of the
lower magnetizer, the center of the outer surface of the
horizontal section of the upper magnetizer, the center of the
outer surface of magnet steel 1, and the center of the outer
surface of magnet steel 2. The temperature of the magnetic
steel detected by thermocouple 3 is utilized as an output
signal to access the temperature controller, which adjusts
the temperature in a closed loop. The remaining three
thermocouples are attached to the thermometer in se-
quence to view and record the temperature. The sampling
period is set at 10 s.

Figure 23 shows the time-temperature curve of the
exterior surface of permanent magnet 2 at a temperature of
50°C. The thermometer recorded temperature data for
116 min, with a 10-s sampling period. After heating
PMTM from room temperature for 116 min, the recorded
temperature stabilizes between 50°C and 52°C. The actual
measured temperature is 18.7°C. At this moment, the
temperature distribution in the PMTM is thought to have
reached a stable condition. The controller’s on/off control
method results in an overshoot of approximately 16.5% in
the curve. To prevent damage to the PMTM from high
temperatures, a maximum heating temperature of 180°C
is set.

Figure 24 shows the steady-state temperature readings
of the upper yoke, lower yoke, permanent magnet 1, and
permanent magnet 2 at various preset settings (Tpreset =
50°C, 80°C, 120°C, 150°C). The bottom yoke has the
lowest temperature because of heat transfer factors. The
range Rr of the measured temperature distribution of
PMTM expands as the preset temperature increases. At

preset temperatures of 50°C, 80°C, 120°C, and 180°C, the
range of Ry is 2.3°C, 6.2°C, 7.4°C, and 11.3°C, with
corresponding relative values of 4.6%, 8.1%, 6.1%, and
6.2%, respectively. This illustrates how well the heating
and insulation subsystem provides an effective high-
temperature environment for the PMTM’s static charac-
teristic measurement.

Figure 25 shows the theoretical and experimental
findings of the output displacement of the feedback rod
ball at temperatures of 30°C and 180°C. The PMTM’s
measured initial air-gap lengths are 342.4 pm, 316.2 pm,
320.5 um, and 348.1 um for g¢1, 22, Lo3, and go4. Based on
the original data, we also provide the real-time comparison
error of 30°C and 180°C. The average relative errors of the
feedback ball’s output displacement at 30°C and 180°C are
5.16% and 6.66%, respectively. The largest relative error
between theoretical and experimental values is 10.6% and
10.7%, respectively. This demonstrates the high degree of
consistency between theoretical and experimental
outcomes.

Discussion

The zero-bias mechanism of PMTM

Figure 26 depicts a schematic diagram of the PMTM with
and without zero bias. As shown in Figure 26(a), if the
machining error of the magnetic pole surface leads to the
horizontal asymmetry of the four initial air gaps of the
torque motor, that is, go17#gos and gor#ge3, the screw
connection leads to the downward movement of the
magnetic pole surface of the magnetizer, and the

Table 3. Distribution range of air gap and distribution characteristic parameters of zero-bias of batch PMTMs.

The range of air gap
distribution/(pum)

The distribution mean of Z,,, of
batch PMTMs(%)

The distribution variance of Z,,, of
batch PMTMs(%?)

Theoretical 280~360 9.44
value(100 PMTMs)
Experiment value 260~380 11.01

(10 PMTMs)

48.21

66.35
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Figure 22. Schematic diagram of the high-temperature testing system of PMTM.

interference fit leads to the arc deformation of the armature
magnetic pole surface. The interaction between the two
will inevitably aggravate or weaken the horizontal sym-
metry of the initial air gap. Then, the magnetization of the
magnetic steel causes the armature assemblies to deflect
under the action of the electromagnetic force, and the
PMTM generates a zero bias. As shown in Figure 26(b), if
the magnetic pole surface machining error causes the four
initial air gaps of the PMTM to be horizontally sym-
metrical, that is, g1 = go4 and go, = o3, although the screw
connection and interference fit cause the magnetic pole
surface to move, the four air gaps are still horizontally
symmetrical, which essentially does not cause the armature
assemblies to deflect, and the PMTM will not produce
zero-bias.

_18.7°C

0 20 40 60 80 100 120
¢ (min)

Figure 23. Temperature curve at the outside surface of
magnet 2.

Furthermore, high temperatures degrade magnetic
characteristics and result in the thermo-solid coupling
deformation of magnetic circuit and armature assemblies,
respectively. Based on the above-mentioned verified
model, the influence weights of the three elements’ cross-
coupling on the distribution features of thermal drift of
zero-bias for batch PMTMs are quantitatively studied. The
three factors are the thermo-solid coupling deformation of
the magnetic circuit assemblies (a,” 7 and a,” 7), the
thermo-solid coupling deformation of the armature as-
semblies (b,” "and b," 7), and the temperature change in
the remanent magnetism (B,”).

We examined the distribution characteristics of the
thermal drift of zero-bias for batch PMTMs under the
following cases by substituting the following values into
Figure 18: samples n = 1000, the control range of pro-
cessing error of magnetic pole surface for yoke and ar-
mature Err_Ago;” =40 pm, the pre-tightening force Fq =
2200N, the remanent magnetism B, = 0.58 T, the
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175.7 182.4 180.1 =L
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Figure 24. Temperature distribution of PMTM.
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Figure 25. Theoretical and experimental results of the output displacement of the feedback rod ball at 30°C and 180°C.

interference amount at armature Err_d;, = 5 pm, the control
range of difference on horizontal and vertical of air gap
Err_gn = Err_g,=20 um, and temperature 7= 200°C. We
can obtain 235 sets of X,,; and thermal drift of zero-bias AZ T
tm under the above cases since Err_gy, = Err_g, =20 pm, as
shown in Figure 27. These six cases are as follows:

(a) Case 1: Only considering a;” 7, and a,"’; ne-
glecting the temperature effect of b, b,", and B,;
Case 2: Only considering b," T and b,"T; ne-
glecting the temperature effect of a,’, a,’, and By;
Case 3: Considering both a;"" and a," 7 and b,
Tand b," T neglecting the temperature effect of B,;
Case 4: Considering both a,”" 7, &, 7, and B,”;
neglecting the temperature effect of " 7, and
b7,

Case 5: Considering both a™T at
glecting the temperature effect of a,” 7,

(b)
©)
(d)
T and BrT; ne-

and a,”"T;

(©

T

E}

(f) Case 6: Considering al™T @ T opE T b

and B~

as

To assess the impact of various factors on the thermal
drift of zero-bias for batch PMTMs, a quantitative eval-
uation standard (EC,7) is used, which can be represented
as

Z |A2200°C A2200 C(6,])|

ECaz(i)|,y o5 ="

n(n =1239) (67)

Where ECyz are the indicators for evaluating the degrees
of influence exerted by the factors on the thermal stability
of zero-bias, i represents the number of cases; j represents
the number of samples of PMTMs.
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Figure 26. The principal diagram of zero bias of PMTM.
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Figure 27. Distribution mean of the thermal drift of zero-bias AZ,.," for 235 PMTMs under different cases.

Substituting the computation results of (a)~(e) of
Figure 27 into the above equation (67), the EC,z of cases
1~5 can be obtained, as listed in the Table 4.

From Table 4, it is clear that, of all the important design
factors of PMTM, the thermo-solid coupling deformation
of the armature assemblies (b," 7 and b, 7) has the
greatest influence on the thermal drift of zero bias.

Figure 28 shows the distribution mean of zero-bias Z;,,
at 20°C and the distribution mean of thermal drift of zero-
bias AZthOOOC at 200°C for batch PMTMs under the
impact of four varying process parameters, Err g, Err gy,
Fins0, and B,. In particular, as shown in Figure 28(a) and
(b), the W(Zyy,) increases from 0.71% to 4.04% and from
0.77% to 2.64% as Err_g, and Err_gy, increase from 5 um
to 50 um, respectively. This indicates that the zero-bias Z;,,
of PMTM at 20°C is more sensitive to the change of
vertical difference of air gap Err_g, than the difference of
horizontal difference Err_gy. Furthermore, as shown in
Figure 28(b) and (c), the u(Z,,) decreases as the pre-
tightening force F, and remanent magnetism B, rise.
The above results indicate that the zero-bias Z,,, at 20°C
can be effectively suppressed by prioritizing control of the
error limit of vertical difference of air gap, increasing pre-
tightening force, and remanent magnetism. The

Table 4. Quantitative evaluation indicators obtained in Cases
|~5.

Case i ECaz (%)
Case | 0.8635
Case 2 0.1096
Case 3 0.0354
Case 4 0.8099
Case 5 0.0920

distribution mean of thermal drift of zero-bias AZ T tm of
batch PMTMs at 200°C is nearly steady within 1% and
unaffected by the four process parameters listed above.

Limitation analysis of this work

(1) This paper focuses on the displacement features of
the feedback rod ball under ambient temperature
action using the external uniform heating method.
However, the temperature in the flight environ-
ment is typically 200°C, whereas internal fluid
temperatures are about 140°C. The interaction
between the two may cause the highest tempera-
ture in the middle of the feedback rod, resulting in
a thermal deformation trend that is contrary to the
external environment’s heating direction, which
may not fully replicate the genuine condition. The
findings of this study are most directly applicable
in explaining the thermal effects induced by the
external environment or uniform heat load. In the
future, we may conduct additional internal fluid
thermal coupling tests to better forecast the
PMTM’s performance after the actual heat transfer
balance.

(2) When using the laser displacement sensor for
high-temperature in situ measurement at 180°C,
the laser beam must travel through a non-uniform
temperature field around the measured object (the
feedback rod ball). The laser emitted by the sensor
must pass through the hot air layer created by self-
heating (180°C) above the feedback rod ball.
Because there is a large temperature and density
differential between this layer and the surrounding
room temperature air, beam deflection could be a
source of measurement inaccuracies. To eliminate
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Figure 28. Distribution mean of zero-bias for batch PMTMs under the impact of four varying process parameters, Err_g,, Err_g;, Fs0,

and B,.

this impact and obtain greater precision in absolute
measurement, future studies will lower the length
of the measuring optical path in the high-
temperature zone as much as feasible, as well as
the path of refractive index integration.

(3) Due to experimental cost and time constraints, this
study originally analyzed statistical trends using
10 experimental samples. Despite the restricted
sample size, the results can highlight the basic dis-
tribution trend and magnitude of PMTM essential
parameters, as well as give preliminary experimental
verification for the simulation model. Future research
will incorporate bigger experimental samples to al-
low for more robust statistical inference.

Conclusions

(1) Response surface methods and finite element
analysis are combined to provide a zero-bias
predictive model of PMTM. The model takes
into account a number of elements, such as ma-
chining errors on magnetic pole surfaces, inter-
ference and screw connections, armature
electromagnetic deflection, and temperature im-
pacts on structural deformation and magnetic
characteristics.

(2) In the experiment at room temperature, the test
results for the distribution range of air gaps for
batch PMTMs are largely compatible with the
theoretical findings. The experimental and calcu-
lated values for zero-bias distribution character-
istic parameters are all of the same order of
magnitude.

(3) In the experiment of high temperature, at preset
temperatures of 50°C, 80°C, 120°C, and 180°C,
the Ry range is 2.3°C, 6.2°C, 7.4°C, and 11.3°C,
with corresponding relative values of 4.6%, 8.1%,
6.1%, and 6.2%. This indicates the efficiency of
the heating and insulation subsystem in providing
a consistent high-temperature environment for
PMTM. The greatest relative errors between
theoretical and actual values for feedback rod ball
displacement at 30°C and 180°C were 10.6% and
10.7%, respectively.

(4) The thermo-solid coupling deformation of the
armature assemblies has the greatest impact on the

thermal drift of zero-bias for PMTM. At room
temperature, the zero-bias is more sensitive to
changes in the vertical difference in air gap than
the horizontal difference. The zero-bias of PMTM
at room temperature can be efficiently controlled
by prioritizing control over the error limit of the
vertical difference of the air gap.
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Figure A.l. Identification principle of the surrogate model of electromagnetic torque for PMTM.
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Figure A.2. Prediction accuracy of the third-order response surface surrogate model and the physical model.

Table A.l. Physical-mechanical parameters of each part for PMTM under T = 20~200°C.

Temperature coefficient Linear thermal
Density Young’s modulus  of Young’s modulus 7 Poisson’s  expansion coefficient a

Parts Material (g/em’®)  at T=20°C (Gpa) (107°/°C) ratio (107%°C)
Bourdon tube Stainless steel 8.0 194.76 —64.96 0.28 10.249 + 0.00299 T
Armature/Upper  Soft magnetic 8.7 162.00 —23.20 0.3 9.27

yoke/Lower alloy

yoke
Support tube/ Elastomeric 8.0 190.00 —26.00 0.3 13.0

Screw/Feedback alloy

rod
Permanent magnet Alnico magnet 7.15 150.00 —28.00 0.3 10.7
Adjusting shim Stainless steel 7.8 198.13 —45.05 0.29 15.365 + 0.00584 T
Fixed base Stainless steel 7.8 214.71 —32.74 0.29 9.772 + 0.00284 T
Support block Aluminium 2.85 72.15 —51.27 0.33 21.799 + 0.01043 T

alloy
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Table A.2. Physical-mechanical parameters of each part for PMTM under T = 20~200°C.

Parameters Value(mm) Parameters Value(mm)
Length of the setscrews I, 255 Length of mating segment of fixed base and setscrew I; 3.65
Thickness of the horizontal segment of the upper yoke , 2.2 Length of the vertical segment of the upper yoke I 5.0

Length of the permanent magnet [3 10.6 Length of the vertical segment of the lower yoke Iy 5.0
Thickness of the horizontal segment of the lower yoke I, 2.2 Outer diameter of the bourdon tube Dy, 2.5
Thickness of the adjusting shim Is 0.75 Inner diameter of the bourdon tube d . 2.5
Thickness of the support block g 4.1 Length of thin-wall section of the bourdon tube e 7.2
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