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A vane pump integrated with an electric motor

Wieslaw Fiebig*, Dudzikowski Ignacy**, Ciurys Marek**, Kuczwara Hubert*

Wroclaw University of Technology, Institute of Machine Design*, Institute of Electrical Machines, Drives and
Measurements**, Wybrzeze Wyspianskiego 27, 51-370 Wroclaw, Poland
E-Mail: wieslaw.fiebig@pwr.wroc.pl, ignacy.dudzikowski @pwr.wroc.pl, marek.ciurys @pwr.wroc.pl,
hubert.kuczwara @gmail.com

In this paper an innovative design solution of a vane pump integrated with an electric motor is presented. An
integrated motor-pump assembly with a supply converter and control system has been developed and
electromechanical and hydraulic processes in the motor pump group are analyzed. A simulation model of the
motor pump group has been developed in order to investigate its functionality, electromechanical and hydraulic

parameters and dynamics of the system.
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1 Introduction

In most fluid power drives the connection between the pump and electric motor is realized through an elastic
clutch and a mounting flange. The pumps are usually driven with electric motors at constant speed /1/. There are
solutions in which the pumps are driven with an asynchronous electric motor with a frequency transformer for
the rpm control, but these solutions are relatively seldom in application due to their weak dynamic properties.
The possibility to control the flow of the displacement pumps directly through the rotational speed has many
advantages and is an important simplification of fluid power drives. The proposed solution is based on the
concept of using the variable speed electric drive and hydraulic pump with constant displacement. The control
systems with the rotational speed control have higher efficiency, due to the adjustment of the power of the
electric motor to the power required from actuators (hydraulic cylinder or hydraulic motor).

2 Design principle

In the proposed solution (Figure 1) the hydraulic pump is built into the rotor of electric motor with permanent
magnets (BLDC). The rotor of the electric motor causes the rotation of the pump housing. The internal part of
the pump with the vanes is not movable. Due to lack of rotation the vanes are pressed to a cam ring with spring
elements. The results presented in this paper consider the double vane pump. An example of a similar solution is

the pump EPAI from the Voith company /2/.

Double vane pumps have a lot of advantages, such as, load compensation, small reaction forces in the bearings
,and relatively high efficiency. The double vane pumps have maximal pressures up to 200 bar and rotational
speed from 500 to 4000 rpm . These pumps are also often applied due to their high durability and simple design
and manufacturing /3/.

Figure 1 shows a cross-section of a double-acting vane pump integrated in the rotor of a Brushless Direct
Current electric motor with permanent magnets (BLDC motor). A Brushless Direct Current motor has been used,
because such motors have the highest energy efficiency, the highest power value per unit mass, large durability

and very good dynamic range.
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Stator (fixed part) Double acting
\\ vane pump

\

Rotor (mobile part)

Figure 1: The double vane pump integrated with the BLDC electric motor.

The proposed solution is about 40% smaller in volume than the conventional one with the separate pump and motor.
The complete variable rotational speed drive system in that configuration consists of the following elements:

- electrical motor with the permanent magnets (PMM),
- supply converter,

- control system.

3 Modelling of pressure and dynamic torque in the double vane pump Design principle

During the rotation of the pump against the non-rotating part inner pressure changes occur due to compression
and decompression of the fluid as well as due to the leakages in the gaps inside the pump. The first step of the
calculation of the flow and pressure changes is to identify changes of the volume of the chamber between the

vanes.

Figure 2: A schematic view of the double vane pump.
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The starting position of the rotational angle ¢ is labelled as O in the Figure 2. The change of the cam ring radius
during rotation is described on the basis of vane No. 1. The radius is constant and equal r, up to angle position
¢=¢/2. For the angle range &/2 < @< [} the radius can be calculated from /3/:

hn—n
B

P =¢—¢2,e2<¢p<e2+B

p(P)=r+ o— h=h sin 2_7r¢ , where ()
2 B

In the angle range €/2 + p < ¢ <¢ the radius is ;. If ¢ > 3/2-g + f the radius can be calculated from eq. (1) with

@ = 3/2:g + 2B - ¢. After the angle position is in the range 3/2-¢ + B < ¢ <180 the radius is constant and equal

1.

Fr — the friction force in the
axial gap

[ 1

F, — force from supporting
pressure and springs

F,, F;, Fy— reaction forces

AN S

Figure 3: A schematic view of the forces acting on the vane.

The angle 3 is determined by the first derivative at the contact point on the transition curve:

0= arctan{l-a—p}, where: 2)
p 09

O _ni—n hi=n ([2r ) nh |y 2T

- B Vi cos(ﬁ ¢J Vi {1 cos(ﬁ ¢ﬂ 3)

The point O is the contact point of the vane with the internal surface of the cam ring and its position is different
from the middle point on the top of the vane The position of the contact point between the vane and cam ring is
approximated from:

s/2

&= o sind “)

Finally the radius of the contact point O is equal to the radius by the angle ¢-&.

The radius at the top of the vane (S) is greater than or equal to the radius of the contact point and
depends on the angle 6, as follows:
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1 (@)= plo=&)+ - (1-cosd) 5)
Length 1; and 1, can be calculated from /3/:

L(p) = plp—&)-r, 6)
Lp)=ly—(r-r,) ()

The speed and acceleration of vanes in radial direction can be calculated from:

6_p h—n "2 h—n i
$e= o e 9&00{ 3 ¢J ®

02 —r
&an: 2. D &co{? ¢J

@i h [1 003(7 ¢H+¢¥Z 270 ﬁ 2-sin(2"7n’¢J

The calculation of the pressure and flow changes in the chamber between the vanes starts with the determination

of the chamber volume and its changes in time. The area between the vanes axis is calculated from /3/:

©)

P+t

Abv(co)=— [r d(p—— fp dp (10)

0

The area of the chamber between the vanes:

s s
Alp)=A,,(p)—A (p) =Abv(<0)—ﬂ-§—(rn+l +1, _S)E (11)
The chamber volume:
Vip)= A(p)-b (12)

In Fig. 4 the flow balance for the chamber between vanes has been shown /4/.

v Ve
pn—l Vn—l /Q?; pn, Vn %\ - Qa(nH) p b !
n n+1

Figure 4: Flow balance inside the chamber between the vanes.

On the basis of the Figure 4 following equation can be written /4/
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0=0,+0,+0, -0, , where:

Q, — sum of the flows through axial gaps,

Q, — sum of the flows through the radial gaps,
Q; — flow through the kidneys,

Q, — the change of the chamber volume.

It is assumed a laminar flow through a axial gap in accordance with the formula:

_ b-0" pi—Py Prosw.n
12-u [ Pro

The flow through the suction and delivery kidneys:

0,(P)=a,-Ay(4)-

The pressure change in the chamber between vanes:

dav. Q-dt
T
SC Z SC Z

Aachen, Germany

13)

(14)

s)

(16)

The leakages and the pressure calculations has been performed in the AMESim Program /5/. In Figure 5 the

model for calculating the pressure changes has been shown.

Delivery kidney volume

Delivery kidney area

Charrber volume between vanes
Geometry ulx

Suction kidney volume

Figure 5: A model for calculating the pressure in the AMESim program.

The suction and delivery kidneys are connected with the chamber volume between the vanes with the throttle

valve which represents the variable area between chamber and kidneys. The chamber volume is represented by

an element of the variable volume, which is passed to it (along with information about the speed of this change-
Q,) with the features described in MatLab Simulink and transformed to the AMESim . The program also

calculates the leaks in the radial and axial gaps. The radial gap is assumed with the constant width and is equal

to the width of the vane, while the axial gap varies with the degree of a hanging position of the vanes.

For calculations following data has been defined: o = 45°, lp=6 mm, b= 8 mm, s = 1.5 mm, f=0.04, p=0.005.
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The pressure changes in the chamber have been shown in Figure 6.

pressure in the chamber [bar]

a |

160 S :
| | |
|
|
140 1 l
1 |
| |
| |
120 I‘, |
| \
100
80
60
40
20
I}
| | | | |
0
b — ] | ———— 1 T I
0.500 0.505 0.510 0.515 0.520 0.525 0.530 {‘\
X: Time [5]
615 J———————————— —
3|— delivery side pressure [bar] - -0.080 —|—— suction side pressure [bar]
1610 - - - - - 0.085
1605 3 " . | | ) -0.050
| | ’ | ’ 0095 4
1600 | i I I I i | | ! I 0.100 5
1595 3 0105 4 | ’
1500 0110 4 [
1585 3 0.5 3 | ] | ! | I |
| 0.120
L L e e I D - PO R N Y.L R N s T o
0.500 0.505 0510 0515 0520 0525 0.530 0.500 0.505 0.510 0515 0.520 0.525 0.530

X: Time [s] X: Time [s]

Figure 6: The pressure courses (n=2500 rpm, p = 16 MPa ):

a) inside the chamber b) on the delivery side c) on the suction side.

The torque due to the pressure is calculated with the following formula:

z/2 z/2 2 2
o +7 n—,
MP:_z'z |:pn'(rn+1_pn)'b' n+12 n:|:2_§ [pn = 2n+1'bj (17)
n=1 n=1

In order to calculate the torque acting on the pump housing and on the rotor of electric motor, additionally, the
torque due to the friction acting on the vanes need to be considered. Schematic view of the forces acting on a

single vane is shown in Figure 5. The force F; is the sum of the forces of pressure acting on the underside of the
vane and the force from the springs:

Fi=F+F, (18)

The forces of the Fy, F, and F; have been determined from Equations ( 19 ) to (21) representing the force
balance on a single vane.

x—axis: F, ~ Fy+ Fy -(sind— f -cosd)=(p, — p; )- 1, -b (19)

y—axis:—f - Fy-sgn(6)—F, - f - sgn()+ Fy (- cosd — f -sind)=
=m- & F; — F, +%-b~[pp(l+sin5)+ py(1—sing)| (20)

M5 _F, .[zo . f.sgn((s)}@ .[zz e f.sgn((s)}_FN 2 fsinaeosa). (7 +1)=
’ 21
~(p, —pp{ll2 +S7-cosz(5j

The formula for the moment from reaction forces can be written as:

|

My =Fy -r(f -cos 5 —sind) (22)
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The electric motor load torque:

M=MP+MT (23)

The resulting torque on the pump housing and on the rotor of the electric motor for stationary conditions have
been shown in Figure 7.

pump torque [Nm] S
] fi fi i
!

770 Il

4 |1 | |
760 | |
L/l

o |/ | T L | O | A

T 5 T T T T
0.500 0.505 0.510 0.515 0.520 0.525 0.530
X: Time [s]

Figure 7: The torque on the pump housing (n = 2500 rpm, p = 16 MPa).

4 Model of the drive system

The pump drive system (Figure 8) consists of the following elements: the supply — control system (power supply
and converter with control system with PWM modulator), the BLDC motor with the vane pump and the
hydraulic motor. Stabilization of the rotational speed of the hydraulic motor in the drive system has been used
(Figure 8). The electric diagram of the converter with a BLDC motor is shown in Figure 9.

- - - - - - ==

Power supply

Supply-control system

Control system

Hydraulic

with PWM Converter motor +
modulator pump motor
-l — — — -

Figure 8: A diagram of the drive system.
Equations (24) — (45) describe the converter — BLDC motor system.

The instantaneous values of the voltages at the motor winding phases a, b and c are as follows (Figure 9)

w69 =R, )+~ R -i 0+ LY e () (24a)
dt dt
. dy, . di,
0y (.9 = RE9)-i,(0)+ L = R -i,(0)+ LT+, 0) (24b)

u,(t,H=RP-i.(t)+ LA =R&-i.()+L di
dt dt

+e.(t) (24¢)
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J o < D1 “ D3 @ Ds

ia(t) ib(t) ie(D)

u
Q2 Q4 Q6
7 D2 ppt D6
R(8) R(8) R(9)
L ua(t) L ub(t) [ uc(t)
ea(t) en(t) eo(t)

Figure 9: Diagram of the motor with converter.

where: e,(1), e)(t), e(t) — the instantaneous values of back EMFs induced in the armature winding phases, R(9)-
the resistance of the armature winding phases at .9 temperature, L — the inductance of the one armature winding
phase which is the sum of the self inductance and mutual inductance, i,(?), i)(t), i.(t) — the instantaneous values of
the currents in the armature windings of a, b and ¢ phases, v, vy, w.— the instantaneous values of the flux

linkage with the armature windings of a, b and ¢ phases.
The equation of currents at O node of the system is as follows (Figure 9)
i,(t)+i,()+i. () =0 (25)

while the instantaneous value of the electrical angular speed is calculated as below

@, ()=

e _ e (26)
dt

where: ¢, — electrical angle of the rotor, p — the number of motor pole pairs, @(t) —the instantaneous value of

the mechanical angular speed of the motor

_de 27
o(t) o 27)

@ — mechanical angle.

The instantaneous value of back EMF induced in the k armature winding phase stems from the presented

equations
er (D =p-o(t)-cy(9) Fulp.)=0,0) Ky (@, P (28)
Ky (0, 9) =t (D-Fylp.) (29)

where: c.(9) —temperature dependent electromotive force constant, F,(¢p.) — function defining the waveform of
the back EMF of the k phase depending on the electrical ¢,. These functions are shifted for each phase at 120°.

The dependence of the electromotive force as a function of the angle of rotation and motor temperature has been

determined through the finite element method.

In the mathematical model of the electrical system all operating states of the converter are taken into account.
The different operating states result from conduction of different transistors and diodes of the converter during
rotor rotation. The order of transistors and diodes switching on and off is shown in Figure 10.
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State 6| State 1| State 2| State 3|State 4 | State 5| State 6

D1 D2 D1
AR o N e N

D3 D4
B I | | B Q4
Deé D5
c o | N Qs
0 =/(3p) 2n/(3p) T 4n/(3p)  Sn/(3p) 2n/p  Tw/(3p)
P

Figure 10: Sequence of switching transistors and diodes of the converter as a function of the mechanical angle.

The time interval in which current of the phase (which is to be disabled) flows through one of the feedback
diodes is defined as the commutation interval. At this time, current flows through all the motor winding phases.
The conduction interval corresponds to the state in which the current flows only through two supplied phases of
the armature winding.

Table 1 shows the current and voltage equations describing the operation of the motor in the first state. In the
others motor operating states the equations are analogous /6, 7/.

Commutation interval Conduction interval
uy (1)= Auy(i, )- Au, (i) (30)
()= u(t)du, (i, )+ Au,(iy) G | ug(t)= u(t)du,(i,)+ Au,(i,) (36)
di 1 (2u,(t)+up(t)—2-e,(t)+ey(t)+ di 1 (ug(t)—e (t)+ey(t)+
—t=— . . . (32) < =— . . (37
di 3L\ +e(t)+ R(-2i,(t)+i)(1)+i1)) di 2L\ +R(-i (1)+iy(1)
g, 1 eu(l)-('zb(t)+ R(i,(1)-iy(1)+ g di
@ L (33) | Yo - _dla (38)
dt  L|+L—%-u,ft) dt dt
dt
di. di, di, di
Le_ _%Ya D 34) | =< =0 3
dt dt dt 4 dt (39)
i(t)=i4(1) (35) | i(t)=iu(1) (40)

Table 1. The BLDC motor equations for the first state of the converter operation

In Figure 10 and Table 1, each symbol stands for: u(#) — the instantaneous value of the voltage at the input of the
converter, i(f) — the instantaneous value of the converter current drawn from the power supply, QI...Q6—
transistors of the converter, DI...D6 — feedback diodes of the converter, Au,(i;)— the voltage drop on the

converter transistor, Au,(i;) - the voltage drop on the converter feedback diode.

The instantaneous value of the electromagnetic torque of the motor equals

M (1) =P D Ky (0:9) iy (1) = P+ (Ko (@0 D) iy () + K (9, 9) - 1y (1) + K o (0, 9) - 1.(1)) 4D
The instantaneous value of the mechanical torque of the motor is

M, (t)=M,()-M,,() (42)

where: M, — friction torque of the motor.
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The instantaneous value of the motor mechanical power is as follows

B,()=M,, (1) o)

The equation given below describes the drive system torques

M, 6)-M)=M,()

(43)

(44)

where: M(t) — load torque generated by the vane pump, M,(?) — dynamic torque of the electric motor

2
_jdo 0d _,do o d

M =
a() d 2dt  dt 2 da

J — moment of inertia of the motor.

The model of the drive system developed in the AMESim software is shown in Figure 11.

(45)

..............

BLDC motor + pump

* T
*( oy
T
+'iba¥t ‘Iﬂ% i
E-wj:pa? ,%
[ 2 .
Power ?
(Eb___- Asr E,I )('JE_);- K SR, NN NN N +E:>#;%J
supply | T SR i
‘J‘""“"":; stk
777777 i i 3(;;;\>E- "i:"' o
(T;._.i "._P’L;il
(SI‘ o=
Supply-control system

Figure 11: Model of the drive system developed in the AMESim software.

5 Simulation results

In Figure 12 the simulation results has been presented. The response of the drive system to the change (ramp

function) of the hydraulic motor torque has been shown. It is clear from the presented results that the changes of

the motor torque with the duration time 0.6 s cause relatively small overdue at the beginning and end of the

change.



The 9th International Fluid Power Conference, 9. IFK, March 24-26, 2014, Aachen, Germany

hydraulic metor load torque [Nm]

pump torque [Nm]

X: Time [s]
Figure 12: Torque during simulation.

In Figure 13 the diagrams of the rotational speed of the hydraulic motor and of the pump housing, as an answer
to the same change of the load torque on the motor (Fig. 12), have been shown.

hydrawlic motor ratary speed (rpm]
sl pump rotary speed [rpm)

X: Time [s]
Figure 13: Rotational speed during simulation.

Figure 13 proves that the rotational speed of the hydraulic motor is relatively quickly stabilised after the change
of the load torque on the hydraulic motor.

6 Conclusion

The control of the speed of an hydraulic actuator has many advantages, especially regarding energy saving due
to the adjustment between the required hydraulic power and the power of the electric motor. The simulation
model of the drive system with the BLDC electric motor and the integrated vane pump has been developed. The
dynamic load torque of the electric motor has been established on the basis of the analysis of forces due to the
pressure acting on the vanes inside the pump. The global model of the drive system contains a description of the
dynamic behaviour of the electric motor, the vane pump and the hydraulic motor. With the simulation model the
influence of pump parameters as well as the parameters of the electric motor can be analysed to achieve the best
dynamic behaviour of the drive system. The results of simulation confirm high dynamic properties of the
variable speed drive.

This work has been financed by The Polish National Centre of Research and Development, Project No. 20847 1.
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Nomenclature
Variable  Description Unit
Pr Oil density [kg/m’]
b Vane width [m]
o Angle between vanes [rad]
B Angle of cam ring curve [rad]
Y Angle between kidneys [rad]
€ Angle between cam ring curves [rad]
g Discharge coefficient [-]
Ap Flow area between kidney and chamber [mz]
i Converter current drawn from the power supply [A]
Qg Ip, I, Currents in the armature windings of a, b and c phases [A]
M Load torque generated by the vane pump [Nm]
M, Electromagnetic torque of the motor [Nm]
M, Mechanical torque of the motor [Nm]
P, Motor mechanical power [W]
w mechanical angular speed of the motor [rad/s]
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