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Abstract: This study takes an aviation electric fuel pump with an external gear pump directly driven by a six-phase
permanent magnet synchronous motor as an object. Its fuel flow control system is studied in this paper, and a preview
controller design approach based on adaptive sliding mode feedback linearization is proposed. Firstly, the
mathematical model of six-phase permanent magnet synchronous motor and external gear pump is established.
Secondly, the nonlinear model of the electric fuel pump is processed using the feedback linearization method, which is
helpful for the following preview controller design. Then, the linearization errors caused by the model uncertainty are
eliminated using an adaptive sliding mode control method, which can separate the uncertainty brought on by modeling
error and load disturbance and prevent chattering brought on by high switching gain. At the same time, it does not
require accurate uncertainty boundary information, which improves control performance. Finally, the linearization
model created by the feedback linearization method is used to construct the preview controller, which will reduce the
time the control system takes to respond to a fuel command. The simulation results demonstrate that the proposed
control method has a less response time, strong robustness, and excellent chattering suppression ability.
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0 Introduction

As the core subsystem of more electric air-
craft, more electric engine aims to replace parts of
traditional hydraulic, pneumatic, and mechanical
systems with electricity"'*, the structure and perfor-
mance of the engine can be comprehensively opti-
mized. Compared with the traditional aero-engine,
the main technical features of the more electric en-
gine include high-power integral starter/engine, ac-
tive maglev bearing system, distributed control sys-
tem, electric actuator, and electric fuel pump'*”.
Among them, the electric fuel pump is the main ele-
ment of more electric engines since it serves as the

supply device in the fuel system of more electric air-
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craft.

A fixed displacement gear pump powered by an
accessory casing serves as the fuel pump in tradition-
al aero engines, which means its speed is directly re-
lated to the engine. In some conditions, the fuel pro-
vided by the gear pump is much higher than that re-
quired by the engine, so additional pipelines need to
be added for cooling and reflux of the excess fuel,
increasing the complexity of the system'®. The elec-
tric fuel pump composed of motor and gear pump
has an independent controller” , which can adjust
the motor speed according to the fuel commands to
provide the fuel required by the engine, without

cooling and refluxing pipes, thus reducing the
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weight of the system.

However, the motor in the electric fuel pump
usually has large inertia, whether the response
speed of the fuel pump to the fuel command can
meet the requirement of the engine is a problem
worth paying attention to. At the same time, for
electric fuel pump, a research object with complex
characteristics, an accurate mathematical model is
difficult to obtain, and modeling errors often exist in
the modeling process. Furthermore, the engine’s
high temperature, high pressure, and high vibration
environment may have an impact on the motor pa-
rameters. A key issue that researchers are looking
into is how to ensure that the electric fuel pump can
supply fuel on demand for aero engines quickly and
accurately while taking into account many unknown
factors'®.

A control method known as preview control'”’
makes full advantage of the system’s known future
information. It is possible to create a controller with
an information compensation feature to significantly
increase the system tracking accuracy and shorten re-
sponse time. The effective combination of preview
control and modern control methods is the research
focus of preview control theory, and some of the
achievements are gradually applied in the aerospace
field. In Ref. [10] , the spacecraft engine modes
were precisely transitioned in different flight phases
using the segmented robust preview control method.
To compensate for the tracking performance degra-
dation caused by the pilot input delay and the air-
craft uncertainty, Ref.[ 11] introduced preview con-
trol to assist driving, effectively overcoming the
problem of driver’s operation delay. Based on the
linear variable parameter model of the aircraft, pre-
view control was introduced based on gain schedul-
ing control in Ref.[12], which effectively reduced
the vertical acceleration of the aircraft under gust
conditions. In Ref.[13], the glide track of carrier-
borne aircraft was taken as previewable informa-
tion, and the deck fluctuation is compensated by the
preview control, to achieve a safe and stable landing
of carrier-borne aircraft. When the aircraft is in an
automatic driving state, the fuel flow required by

the engine can be obtained according to the predeter-

mined attitude, heading, altitude, and Mach num-
ber, etc. Then preview control is implemented, and
the electric fuel pump’s response time to fuel com-
mands can be accelerated by utilizing the informa-
tion already known about fuel flow.

Sliding mode control has become a popular spe-
cial nonlinear control strategy due to its quick re-
sponse and robustness to external disturbances and
system parameter changes. However, the robust
ness of sliding mode control comes at the cost of
high-frequency chattering of the controlled variable.
For high-precision servo systems such as electric fu-
el pump, reducing the sliding mode control’s chat-
tering problem is essential because the high-frequen-
cy of the controlled variable chattering may damage
the motor and decrease control performance. In sum-
mary, the research is mainly carried out from the as-
pects of reaching law, switching function, filtering,
and disturbance observer. Ref.[14] established the
reaching law based on the high-order disturbance
compensator and the dead zone function, and while
obtaining the quasi-sliding mode of the boundary lay-
er with adjustable order, the chattering is further re-
duced. In Ref.[15] a non-smooth term was intro-
duced to replace the traditional method of switching
items and it achieved higher control accuracy while
reducing chattering. Ref.[16] introduced a sliding
mode low-pass filter depending on conventional slid-
ing mode control to reduce the chattering problem of
sliding mode control. In Ref.[17], the disturbance
was evaluated and compensated for using the radial
basis function neural network, which weakened the
chattering problem of sliding mode control.

This paper provides an adaptive sliding mode
feedback linearization-based design approach for a
preview controller with the characteristics of quick
response speed and high robustness requirements
for the aviation electric fuel pump flow control sys-
tem. Firstly, a model of an external gear pump di-
rectly driven by a six-phase permanent magnet syn-
chronous motor (PMSM) is established. Secondly,
the linear model after feedback linearization is used
to construct the preview controller, improving the
response speed of control system to the fuel com-

mand. Finally, the linearization error caused by
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modeling error and load disturbance is eliminated by
using the adaptive sliding mode control method,
and the reachability of the sliding mode surface is
demonstrated theoretically, as well as the stability

of the closed-loop system.

1 Aviation Electric Fuel

Model

Pump

Since the multiphase PMSM has a high efficien-
cy, a small volume, and reliable operation, and the
external gear pump has a lightweight, good self-prim-
ing performance, and a simple structure, this paper
adopts the electric fuel pump structure of an external

gear pump directly driven by a six-phase PMSM.
1.1 Model of the six-phase PMSM

Using the coordinate transformation method of

vector space decoupling'®’

, the current equation of
the surface-mounted six-phase PMSM under d-¢

subspace is

d R 1

71’1/: 771.(1 +pwml.q + — Uy

dz L L (1)
d . R . P 1

Elq: —fzq — pWnis— Twm —Ffuq

where u, and u, are the d-¢q axis quantity of stator
voltage; i, and i, the d-¢ axis quantity of stator cur-
rent; and R and L the stator resistance and stator in-
ductance, respectively. p is the number of pole-
pairs; w, the mechanical angular velocity of the mo-
tor; and ¢; the permanent magnet flux linkage.

Without considering the load torque, the me-
chanical motion equation of the PMSM is

dw,
dr

where J is the rotational inertia, and B the damping

J

= 3pygii, — Bw, (2)

coefficient.
The current equation under x-y subspace can
be shown as
d R 1

7.1:_7.1’+7 x

e’ L "
d R 1
EZ,>':7ZZ,>'+ZMN

where «, and u, are the x-y axis quantity of stator
voltage; i, and i, the 2~y axis quantity of stator cur-
rent; and L. is the stator leakage sensation.

Since the current in the x-y subspace has no

contribution to the generation of electromagnetic
torque, it will only increase the stator copper loss,
so the desired value is usually set to zero, and only
the stator current components in the ¢-¢ subspace
are considered, to ensure the maximum torque out-
put and minimum copper loss of the motor.

We set the state vectora=[ i, i, w,], the

q

input vector u=[u, u,]", and define the output

vector

I):id

1:/11
{y ( 4)

yo=h(x)=w,
The standard affine nonlinear equation of sys-
tem Eq.(1) and system Eq.(2) can be obtained
t=f(x)tglx)u
{ y=h(x)
—Ri,/L + pw,i,
where f(x)= *Riq/L — pwnis— pgiw./L |, and

3pgii,)] — Bw,/J

(5)

1/L |
0

/L 0
glx)=| 0
0

1.2 Model of the external gear pump

A gear pump operates by enlarging the oil suc-
tion cavity and compressing the oil discharge cavity
to absorb and discharge oil. For a gear pump with
two identical gears and an ideal unloading groove,
its instantaneous flow is'""’

g.(1)=Bw(R'— R’ — Rip) (6)
where B is the tooth width of the gear, w the angu-
lar velocity of the gear, R, the radius of the adden-
dum circle, R, the radius of the pitch circle, R, the
radius of the base circle, and ¢ the rotation angle of
the gear.

The instantaneous flow of the gear pump exhib-
its a parabolic change with the gear rotation angle,
as can be observed from Eq.(6).

During the process of meshing and discharging
the oil, the meshing point moves back and forth at a
fixed interval along the meshing line. The fuel vol-
ume V, discharged by a pair of meshing gear teeth
during a cycle corresponds to the meshing point
passing through a complete base pitch P,, so as to

get the theoretical output flow of the fuel pump



50 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 40

12

Q.= wsz g(t)dt= ZRnB(Rf — R — Py ) (7)
where z is the tooth number of the gear, and n the
rotational speed of the gear.

In addition, considering the leakage flow at the
end face, radial clearance, and meshing point, there
will also be some elastic loss when the liquid is com-
pressed. At the same time, when the clearance val-
ue is certain, the leakage flow increases as the pres-
sure differential between the gear pump’s input and
outlet increases. Therefore, it is challenging to cre-
ate an accurate model of leakage flow. A throttling
orifice'®!, in which the internal pressure is the outlet
pressure of gear pump oil and the back pressure is
the inlet pressure of gear pump oil, is utilized to imi-

tate the leakage flow.

Q=coa, AP (8)
, 12
where C, is the throttling coefficient, A, the throt-
tling orifice area, P, the oil outlet pressure, P, the
oil inlet pressure, and p the fuel density.
As a result, the actual output flow of gear
pump is
Q=Q — Q 9)
Refer to the leakage flow calculation method,
the actual flow of the gear pump can also be deter-
mined by the oil outlet, in which the internal pres-
sure of the oil outlet is the oil outlet pressure of the
gear pump, and the back pressure is the pressure of
the fuel tank.
Q=C,A, |2 (10)
{0
where A, is the oil outlet area, and P, the fuel tank
pressure.
Therefore, considering the leakage flow, the
relationship between the actual flow and the gear
speed can be determined according to Egs.(7—9) ,

shown as
Q+C(1A1 2(P07Pi)/{0
n:

2xB( R — R?— P{/12) .
a c b

where the oil outlet pressure P, can be obtained ac-
cording to Eq.(10), shown as
rQ°

(12)
2CIA:

P,=P .+

The radial forces produced by hydraulic pres-
sure and gear meshing make up the majority of the
radial forces produced by the gear pump. Among
these, the motor is directly impacted by the torque
created by gear meshing, and the specific calcula-

tion formula is'?"

(P,—P;) BR! (tanzaa*tanza’) Jr(tanzoza*tanzoz)

T, =
2 T 7172

(13)
where @, is the pressure angle of the addendum cir-
cle. @ and a' are the pressure angles at the meshing
points of the driving gear and the driven gear; 7, and
7, the mechanical efficiency of the driving gear and
the driven gear.

According to Eq.(7), it can be seen that for an
external gear pump whose size parameters are deter-
mined, its theoretical flow is only related to the
speed of the gear. Therefore, the fuel flow com-
mand can be converted into a speed command by
Eq.(11), the flow of the gear pump can be regulat-
ed indirectly by adjusting the PMSM rotational
speed, and the gear pump is regarded as a load of
the PMSM.

2 Design of Preview Controller
Based on Adaptive Sliding Mode

Feedback Linearization

It can be seen from the above analysis that the
electric fuel pump is a strongly coupled nonlinear
system, which significantly enhances the challenge
of designing the preview controller. Thus, a feed-
back linearization technique is first utilized to deal
with the nonlinear model of the six-phase PMSM,
and then an adaptive sliding mode method is utilized
to remove the influence of uncertainty produced by
modeling error and the gear pump load disturbance.
Based on the linear model, the preview controller is

designed finally.

2.1 Feedback linearization method based on
adaptive sliding mode controller
2.1.1 Feedback linearization of the six-phase
PMSM
According to Eq.(5) , it is clear that the six-
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phase PMSM model is a typical nonlinear and
strong coupling system. To achieve complete decou-
pling and facilitate the design of preview controller,
feedback linearization'”' is adopted for linear pro-
cessing.

The Lie derivatives of the output vectors i, and
w,, the system are obtained
Lih(x)=—Ri/L+ pw,i,
Lah(x)=1/L
Lih(x)= 3pgii, )] — Bw,/J
Lyh,(x)=0

Liho(x)=—(3pp:R/IL + 3pg B/T*)i, +
(BYI* = 3p* 3/IL ) w,, — 3p* prwniy)]

LoLih(2)=0

LoLih( )= 3pg/JL

(14)

Then Eq.(5) can be written as
nghl( x) :|

|:ld:|_ Lih(x) 1 Lgl/ll(I)
W, B Il%hz(l') Lglthz(l') ngLi/hz(-T)

Flx)+G(x)u (15)
Through differential homeomorphism transfor-
mation
2=h(x)=1i,
2,=h(x) = w, (16)
z,=Lh,(x)= 3p¢fi,,/] — Bw,/J
the virtual input vector v is defined as
H=y =
2, =2 (17)
23 =Y, =V,
And the linear system model of the six-phase
PMSM is obtained as

0O 0 0 1 O
z2=Az+Bv=[0 0 1|z+|0 Ofv
0O 0 O 0 1 (18)
1 0 O
:C:
Yo {o 1 o}

y=Cz
The nominal linear system is used as a refer-
ence model
[;H]I}ZF(x)-I— G(x)u (23)
m2

Then the linearization error of the system Eq.(22)

t=Az+B(F(2)+AF(2)+(G(2)+AG(x))u+D)

The input of system Eq.(5) can be obtained
through nonlinear state feedback
u=G 1(.1‘)('U_F(.2?)) (19)
After feedback linearization processing, Eq.(5)
is completely decoupled into a current subsystem and a
speed subsystem. The preview controller can be de-
signed for the linear system Eq.(18) , and then the
nonlinear control of the system Eq.(5) can be realized.
2.1.2 Design of the adaptive sliding mode con-
troller
The accuracy of parameters has a significant
impact on feedback linearization, but there may be
modeling errors between the actual object and the
theoretical model. Meanwhile, the influence of load
torque disturbance is not considered in Eq.(2).
These factors will bring significant linearization er-
ror and reduce control performance. Thence, an
adaptive sliding mode feedback linearization method
is proposed to eliminate linearization error caused by
model parameter errors and disturbance of load from
gear pump.
When the system Eq.(5) contains modeling er-
ror and load disturbance, the result of feedback lin-

earization 1s

[?l}zF(xH AF(2)+(G(x)+
V2

AG(x))u+D (20)
where AF (&) and AG (&) denote the deviations of
Lie derivative caused by modeling error, and D de-
notes the deviation of Lie derivative caused by load

disturbance T, , shown as

B 1.
D—FTL—7TL (21)
Thence, the uncertain nonlinear system is ex-

pressed as a linear system

1s defined as

em—{e“‘l}— e (24)
€m2 yZ 7 ymZ

The current subsystem is a first-order system,

and the speed subsystem is a second-order system,
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so the sliding mode function can be designed as

32[51}2 e “Joe‘“ldz (25)

S2 .
bmr T @z

The first derivative of Eq.(25) is

|:‘§]:'_|:éml + aleml:'_ (yl o yml) + Q1 €m1

P Y

s=

52

(jjz_j}mz)+azémz
¢+AF(x)+D+<G(x)+AG(x))u (26)

where ¢ = [ - Flx)— v+ {alef"l}
@2 A2€n2

The adaptive sliding mode control law of the

system can be constructed as
u= *G’l(x)[ga + ks +esgn(s)+ yy/sgn(s)}
(27)
where e = diag (e, ;) and y = diag(yl, y2> are adap-
tive laws, satisfying that

g, = kez‘

5 i=1,2 (28)

=k s el
where &, and %, are adaptive rates. k= diag( 4y, b, )>

?2‘).

The control method proposed in this paper can

0, c//:diag(‘gp1 ,
use (e, y) to address the uncertainty and distur-
bance of the system, respectively, whereas the tra-
ditional SMC uses switching gain € to address these
issues, thus avoiding the problem of chattering
caused by excessive switching gain.

Under the action of Eq.(27), the linearization
error will gradually converge to 0, so the uncertain
nonlinear system will gradually approach a linear
system. In the steady state, the adaptive sliding
mode feedback linearization control law will also de-
generate into the traditional precise feedback linear-
ization.

2.2 Design of preview controller

There is an assumption proposed for the sys-
tem Eq.(18).

Assumption 1  The desired output y, is a
piecewise-continuously differentiable function that
satisfies

}1m ya(1) =73, }1m yd(21)=0 (29)
where y, 1s a constant vector.

In addition, the desired output y, is preview-

able, that is to say, at the current time ¢, the de-

sired output y, (0) , < ¢ << ¢ + [, is available,
where /, 1s the preview length.
Remark 1

sumption 1 is fundamental. The actual engineering

In preview control theory, As-

studies show that the control system is only signifi-
cantly affected by the recent previewable signal,
whereas the desired signal outside of the preview-
able step has little impact. Therefore, it is generally
assumed that the value outside the previewable sig-
nal is constant.

Remark 2 Examples where the expected out-
put y, is previewable are also common in practical
applications, such as path control of robot'**', target
trajectory tracking of UAV'*" | position tracking of

25]

servo motor >, etc. In the object of the electric fuel
pump in this paper, when the aircraft is in the auto-
pilot stage, it can calculate the fuel flow required for
some time in the future according to the predeter-
mined route, flight altitude and Mach number, so
as to take it as predictable information.

The error vector is defined as

e(1)=yu.(1)— yi1) (30)
The new state vector is constructed as
()=[e() (] (31)

So system Eq.(18) can be rewritten as
#(1)=Ax(1)+ Bo(t)— Dy.¢)
e(1)=Cx(1)

wei=[? a0 p]t] e[
0 A B 0 0

The quadratic performance index of system
Eq.(32) is

(32)

J=tim 2 [ [#7(2) @z () + '(e) Ro( ) ]ar (33

where Q = diag(Q., Q.), Q, and R are positive def-
inite matrices, and Q. is a semi-positive definite ma-
trix.

Lemma 1'*"  Suppose that (A,B) is stabiliz-
able and (Q‘/Z,A> is detectable, and let z(z)=0,
v(t)=0, y,(t)=0 for t<C0, the optimal control
input of the system Eq.(18) is

o(t)=—k| e(o)do— k(1) +f(1) (34)
0

where %4, and k. are the feedback gain matrices,

shown as
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k=R 'B"P, k.=R 'B"P. (35)
[.' ~ o~
fl) = RilBTJ exp(cA!) PDy(t + o)do,
0

A.=A — BR 'B" P is an asymptotically stable ma-
trix. P=[ P, P. ]is the only positive semi-definite
solution that satisfies the Riccati equation
A"P+PA—PBR 'B'P+Q=0  (36)
According to Eq.(34) , the controller is com-
posed of three parts. The first of them is the integral
effect of tracking error, followed by state feedback,
and the last is the preview control effect using the
desired output of future information.

The control structure block diagram of the sys-

tem is shown in Fig.1, which can be divided into
three parts. The controller is composed of a preview
controller and an adaptive sliding mode feedback lin-
earization controller. The PMSM adopts the vector
control method with i, = 0, the driving system is
powered by a 270 V high voltage DC bus, the
PMSM is coaxially connected with the gear pump,
and the gear pump is considered as the load of the
motor. It is worth noting that in actual engineering
applications, the flowmeter accuracy is insufficient
to accurately depict the magnitude of the gear pump’s
flow pulsation, so a low-pass filter is utilized to sim-

ulate the flowmeter.

Q | Low-pass
Bl filter
_______________ =Ty M
) Controller + |
-Y Iu Ual S,
I | Eq.(34) PH— Eq.(23) HeX)» 15, > <>
: Tm em | Eq.27) : dx‘; 5 o
| Preview S > 11y Up1 s
| controller iAdaptive sliding mode | § <
| feedback linearization controller ! u g S
L gl > -
apr| vy
wp [ Lo Sy
A
/)
Y
< i."l a:p
- ap
P g P abc [
ap 2/ aw [

Fig.1

2.3 Stability analysis

2.3.1 Stability of the adaptive sliding mode con-
troller
Assumption 2 The distribution function ma-
trix G(x) of the system Eq.(15) is invertible.
Let

G(x)=2G(2)G (2)=[G(x) Ga)] (7

where G,( x) is the ith column of G (x), denoted as
Gl2)=[G, Gy] i=1.2 (38)

Assumption 3  The uncertain matrices

AF (x), AG(x) and D of the system Eq.(20) are
bounded, satisfying

|aF(2)+ D, |<a
max,( G,,.(x)‘)<b, O<b,.<%;i:1,2 (39)
G x)‘< (<1 6 >0

Block diagram of electric fuel pump preview control system based on adaptive feedback linearization

where AF,(x) and D, are the ith row of the matrix

AF(x) and D; and a;, b, and ¢, the corresponding
upper bounds, respectively. G,,( x) is the element of
the 7ith row and jth column of the matrix G(x); and

G.(x) the diagonal element of the matrix G(x).

Remark 3 The external load does not sud-
denly change in the voltage control loop with a short
sampling interval. Therefore, in each fixed sam-
pling interval, we can assume that the load torque
T, generated by the gear pump is constant, and its
derivative 'I."L is equal to zero. Obviously, D is
bounded.

Theorem 1 The system Eq.(22) will con-
verge asymptotically under the action of the adap-
tive sliding mode control law shown in Eq.(27).

Proof Parameter errors are defined as
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{Ez'zez'_ef() 121,2 (40)
where

Yio— Zb/( 1— Ci)

The Lyapunov function is defined as

B DA R Y

The first derivative of Eq.(42) is

. 2 . 176’i;~ 17(‘1‘;~ z
V=Z@m+ 3 mﬁ’k m422u

vi

(43)
According to Assumption 2 and Eqs. (26, 28,
40), it can be concluded that

SNRNRE LY P IR Sy

el Nyi

o Eéa(x)%)sf
=1

ki<1 + (;”(x))| Sil— ((1 -+ é,»,( 1‘))5,+
(14 i)y,

i ) S +(
(1—c)(y.—y
According to Assumption 3 and Eq.(41), we

(AFi(x)JrD,-)

1— Cl-)(EI_ €i0)|-‘i

(44)

can get
<(a sl = 01— )]s, —
((1*0-)6,*( s+
(1—=¢)(e—eo) Dyi— o)

d=—k(1—10c)|s, —(1—¢;)

el s/ (1 —c)(es—eo)| s |+ 20 s,
( (=) (= ya)l sl o] =
— k{1 —c)|s:|]<<0 (45)

Therefore, V<0,

controller will gradually converge to 0.

the tracking error of the

2.3.2 Stability of the closed-loop system
Lemma 2'*' Suppose that (/i,é) is stabiliz-
able and <QV2,A) is detectable, the optimal control

input of system Eq.(32) under performance index
function Eq.(33) is

0(t)=—R 'B"Px(1)— R 'B'g(1) (46)

/‘ ~ ~ o~
where g ()= *J exp(aA(.T)PDyd(Z+ o)do.
0

Theorem 2 If the desired output y, satisfies

Assumption 1, the closed-loop system Eq.(32) real-
izes complete regulation, namely
lime(z)=0 (47)

and
limz(z)=2z, limv(z)=wv (48)

where 7 and ¥ are constant vectors that satisfy
0= Az + Bo
yi= Cx
Proof Denote
0(1)=—BR'B"g(1)— Dy.1)
According to Lemma 2, the closed-loop system
(32) can be expressed as
()=A.z(1)+6(1) (50)

Hence

F(1)=e"" ”~(zo)+fef“'*”a(f)dr (51)

Under Assumption 1, we can get that
[lim ya(2)=0. Based on the expression of g(¢), it is
evident that y, is taken from time 7, so [le g(t)=0,
then ,lim 0(t)=20. The following only needs to
prove that }1m x(2)=0.

Since A, is asymptotically stable, there are con-
stants m == 0 and n = 0 such that

H Al z)~ (1) H<m€ alt—1,)

()| (52)
By normalizing Eq.(51), we can get

T z‘)||<mef"“ D7 (1) H—O—J me " T)Hd‘l'
(53)
where le mef"“f“‘)H x(t) H: 0.
According to the L.”Hospital ’s rule
, J[ me"™| 0(7) Hdr
1LmJ me "7 () Hdz': 1Lm « » =
i OO o) =0 0
1= ne n e

We can get limx( 1)=20, then lime(z)=0.

1= o

3 Simulation Results and Discus-
sion
The proposed control method is contrasted

with PI control and traditional SMC to confirm its

effectiveness.
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The error vector of the traditional SMC is de-

|:el:' Ya Y
e e
€ Naz 7 Y2

and the sliding mode switching function is construct-

)
S pr— pr—
So
then the sliding mode control law can be developed
[vl} Yo+ Brer o151+ pisgn(sy)
‘1} pr— p—
)7(12 + ﬂzéz + 0282 + N2 Sgn( 52)
u= Gfl(.r)[v* F(l‘):|
In MATLAB/Simulink, the simulation mod-

el of electric fuel pump system 1s built. Table 1

fined as

ed as

(&} +ﬁ)1j eld[
0
ég +182€2

(%

shows the parameters of the six-phase PMSM,
and the properties of the gear pump are detailed in
Table 2.

Table 1 Parameters of the six-phase PMSM

Parameter Value
Rated speed/(rsmin~") 6 000
Number of pole-pairs 4
Stator resistance/Q 0.5
Stator inductance/mH 1.2
Flux linkage/Wb 0.05
Rotational inertia/(kg*m?) 0.000 84
Damping coefficient/(N+m-s) 0.000 02

Table 2 Parameters of the gear pump

Parameter Value
Tooth number 14
Module 2.5
Tooth width/mm 18
Centerdistance/mm 36

Rated speed/(rmin ") 6 000
Rated flow/(Lsmin ") 56
Inlet pressure/MPa 0.3

Outlet pressure/MPa 8

In addition, the gear pump throttling coeffi-
cient Cy = 0.7, fuel density p = 780 kg/m®, tank
pressure P, = 0.1 MPa. According to the flow of
gear pump under rated condition, the equivalent
throttling orifice area A, =1.051 mm® and the oil

outlet area A, = 9.368 mm? are calculated.

The parameter setting of the preview controller
based on adaptive sliding mode control (PASMC)
are Q,=diag(7>x10°,0), Q.=diag(1.5<10*,1,0),
R=diag(2x107,0), preview length /=2 ms; a =
[50,80], &£ =[10,30], k. = [1,10], &, = [2,
1]. The parameters setting of sliding mode control-
ler are p = [50,80], p = [10,30], » = [1.2X
10°, 5X107]. The parameters setting of PI control-
ler are £, = [0.01, 0.05], & = [5,0.8]. In addi-
tion, in order to better satisfy Assumption 1, the de-
sired output flow is processed by a first-order iner-
tial loop

1
T Ty
where T is the time constant, and it is taken as 0.01.

G(s)

Case 1 Constantly desired flow output
The desired flow is set to 35 L./min, and Fig.2

depicts the system flow response.

40 - --Reference flow —PI —SMC —PASMC

1/
, 36

351
j

‘ 1 |
o 0.05 0.10 0.15
0 1 1 1
0.00 0.05 0.10 0.15 0.20
t/s

Fig.2 Flow response of the system for Case 1

As can be observed, the PASMC responds
more quickly than the PI and SMC due to the use of
preview control, and there is no overshoot.

The changes of the d-axis and the g-axis cur-
rent of the motor are shown in Fig.3. Compared
with SMC, the error of i, obtained using PASMC is
significantly smaller. Affected by the pulsating
torque of the gear pump, 7, changes periodically.

The enlarged view shows that the fluctuation of 4,

—SMC —PASMC

"0.00 0.05 0.10 0.15 0.20

a0f 10— —SMC —PASMC
N e
=207 0.102. 0104
0 . . .
0.00 0.05 0.10 0.15 0.20
tls

Fig.3 Comparison of current 7, and i,
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under the PASMC is smaller than the SMC.

In addition, the change of the sliding surfaces
is shown in Fig.4. In the process of modeling the six-
phase PMSM, the load disturbance is not consid-
ered, and the switching term of SMC is directly uti-
lized to overcome the effect of the load torque. For
the traditional SMC, only a larger sliding mode gain
can be used to overcome the influence of the load
torque, which causes the problem of chattering.
With a smaller sliding mode switching gain, the
PASMC method described in this study may change
the control law in accordance with the output of the
reference model and the output of the actual object,
avoiding the impact of load disturbance. In compari-
son to the SMC, the proposed PASMC chattering

is significantly less at steady state, as seen in Fig.4.

—SMC —PASMC

05 0.10 0.15 0.20

0.05 0.10 015 0.20
t/s

Fig.4 Comparison of sliding surfaces s, and s,

Under the condition that the desired output
flow is constant, different preview lengths /, are se-
lected to verify the influence of different preview
lengths on the system control effect. /,= 0 ms means
that the system does not adopt preview control.

Fig.5 shows the simulation results. It is obvi-
ous that the system response time has been marked-
ly shortened due to the inclusion of preview control.
It is significant to mention that with the constant rise

in preview length, the acceleration rate of the sys-

~-Reference flow —0ms —1ms —3 ms —5ms

0.10 0.15 0.20 0.25 0.30
t/s

Fig.5 Flow response of the system under different preview

lengths

tem response speed slows down significantly. This
is consistent with the actual situation, that is to say,
the farther the future information is from the current
moment, the less the impact on the state of the sys-
tem at the current moment.

Case 2 Considering the existence of modeling
error

To verify the robustness of the PASMC, pa-
rameter uncertainties of +10% and —10% are con-
sidered respectively. Moreover, in a high-tempera-
ture and high-pressure environment such as aero-en-
gine, the permanent magnets in the PMSM may be
irreversibly demagnetized due to high temperature,
which will seriously reduce the performance of the
permanent magnet and lead to the reduction of the
torque performance of the motor, so in Case 2.2 a
larger flux linkage error is considered.

Case 2.1 AR=10%R, AL=10%L, AJ=
10%J, AB=10%B, Ap=10%¢;

Case 2.2 AR=—10%R, AL=—10%L,
AJ=—10%J, AB=—10%B, Ag=—0.03 Wb

Fig.6 and Fig.7 show the fuel flow response
when modeling errors exist. It can be seen that the
PASMC can achieve rapid response with minimal
steady-state errors. The traditional PI control has a
large overshoot, at the same time, considering that

high temperature may cause large flux linkage er-

401 - Reference flow —PI —SMC —PASMC

0.00 0.05 0.10 0.15 0.20
tls

Fig.6 Flow response of the system for Case 2.1

40 ~-Reference flow —PI —SMC —PASMC
g
=
S
0 (/) 4 L 1 L
0.00 0.05 0.10 0.15 0.20
tls

Fig.7 Flow response of the system for Case 2.2
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ror, PI and SMC have large steady-state errors.
These outcomes confirmed that the PASMC is high-
ly robust to the model’s uncertainty.

Case 3

changes

Considering a wide range of flow

To verify the flow regulation ability of the nov-
el control approach, it is configured to change the
desired flow from 20 I./min to 56 I./min.

As shown in Fig.8, the PASMC has a faster
response speed compared with the PI and the SMC,
indicating that the system’ s response time to fuel
commands can be sped up through preview control.
Especially in the case of large flow, the SMC has a
large steady-state error, indicating that the existing
sliding mode switching gain can no longer overcome

the influence of the load torque.

60
--Reference flow
—PI
L —SMC
40 —PASMC

00.00 0.05 0.10 0.15 0.20
t/s

Fig.8 Flow response of the system for Case 3

Table 3 shows the comparison of the rise time
and absolute relative tracking error of the three
methods. In comparison to the PI control, the re-
sponse speed of SMC and PASMC is significantly
faster, but the SMC has a large steady-state error.
The results demonstrated that under a wide range of
flow changes, the method described in this work

performs better in terms of regulation and tracking.

Table 3 Tracking error of three control methods

Parameter PI SMC PASMC
Mean rise time/s 0.090 0.023  0.020

Maximum absolute relative

) 1.231 7.482  0.567
tracking error/ %

Mean absolute relative
) 0.890 2.130  0.439
tracking error/ %

4 Conclusions

To improve the robustness of the aviation elec-

tric fuel pump flow control system and the speed of
response to fuel command, this work proposes a de-
sign approach for a preview controller based on
adaptive sliding mode feedback linearization, result-
ing in the conclusions that are listed below.

(1) The feedback linearization technique is uti-
lized to completely decouple the electric fuel pump
into linear subsystems, which helps to ease the de-
sign of the preview controller and accelerates the
system response to fuel command.

(2) An adaptive sliding mode control method
is explored to separate the uncertainty caused by
modeling error and load disturbance, which signifi-
cantly weakens the chattering problem of sliding
mode control. In addition, the adaptive control does
not require accurate uncertain boundary informa-
tion, which enhances the control performance.

(3) As demonstrated by the simulation re-
sults, even when load disturbance and modeling er-
ror are existent, the preview control method still ex-
hibits excellent robustness, quick response, and
small steady-state error.

It is worth mentioning that this paper lacks ac-
tual experiments. For one thing, this paper uses
classical methods for modeling, which have been
proven to reflect the actual situation. For another,
the experiment requires high safety, and the labora-
tory lacks the conditions for high-voltage experi-
ments at present. Moreover, the gear pump has dif-
ferent flow characteristics in the instance of high and
low flow rate. In future research of actual engineer-
ing, more accurate flow characteristics of the gear
pump should be explored, so as to obtain better con-

trol performance.
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