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Abstract-This paper presents the BLDC drive design of
water pump system for automotive application. Electric water
pumps offer several advantages. Among them, the efficiency is
the main reason for electric water pumps. Conventional
mechanical water pump is directly connected by the engine belt.
For this reason, regardless of coolant circulation, the
conventional mechanical water pump is always operated. The
way which the mechanical water pump is replaced by electric
water pump could reduce energy consumption. Besides, electric
vehicle (EV) do not have the internal combustion engine.
Therefore, the EV needs a electric water pump for cooling
traction motor and inverter. The electric water pump concept is
not new and already introduced [3, 4]. However, the papers
mainly introduced overall pump system. This paper deals
primarily with the design aspects of the BLDC drive for the
water pump. The drive requires sustain temperatures of over
110 [TC]. Rated power is 350 [W] and input voltage is 13.5 [V].
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. INTRODUCTION

Environmental and economical prospects give a fresh
impetus to develop clean, efficient, and sustainable vehicles
for urban transportation. Vehicle is the most popular means of
transportation. However the internal combustion engine (ICE)
vehicles provide the major source of urban pollution that
causes global warming. The number of automobiles on our
planet doubled to about a billion or so in the last 10 years [1].
Due to these the environmental issues, automobile technology
continue to make significant progress in all of these areas and
through innovations in gasoline engine fuel conversion
efficiency, cleaner and quieter diesel engines and increased
use of alternative fuels [2]. Under these circumstances, the
mechanical parts in the automobile industry are being
replaced by electronic methods. Conventional mechanical
water pump is directly connected by the engine belt. For this
reason, regardless of coolant circulation, the conventional
mechanical water pump is always operated. In contrast,
electric water pump is not directly connected and could
operate at various speeds. The way which the mechanical
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water pump is replaced by electric water pump could reduce
energy consumption. For this possible, integrated electric
water pump is becoming more important.

However, key issues are cost and reliability of the electrical
equipment for the automobile applications. Challenges
include the harsh automotive environment where
temperatures can reach as high as 150 [*C] under the hood.
However, cost remains the overriding challenge facing the
developers of automotive electrical accessory equipment [3].
The concept of automotive water pump is already introduced
[3, 4]. The papers mainly reported overall concept of water
pump system for automotive applications. And also the
design of motor for the automotive accessory is introduced
well [5, 6]. Edward C. Lovelace et al [5] reported impact of
saturation and inverter cost based on interior PM synchronous
machine drive optimization. And Surong Huang et al [6]
reported an approach to sizing and power density equations.

The key objective of this paper is to describe how the
inverter drive system for the water pump is designed. The
physical layout is an integrated system as introduced the
papers [3, 4]. BLDC motor is applied.

1. MOTOR AND CONTROLLER SPECIFICATIONS

A specifications of motor and controller are presented in
following Table I. The nominal 13.5 [V] operating voltage
was chosen to apply not only EV but also current automotive
systems. The rated power of the motor is 350 [W]. And the
temperature of the coolant can rise as high as 110 [TC].
Therefore, the drive requires high current device for PWM
switching. The BLDC motor has 6 poles and the maximum
speed is 9,000 [rpm], so that the inverter voltage fundamental
frequency reaches 450 [Hz].

TABLE |
SPECIFICATION OF MOTOR AND CONTROLLER

Items Specifications
Number of Poles 6
Number of Slots 9




Rated Torque 450 [mNm]
No Load Speed 8,500 [rpm]
Rated Speed 6,000 [rpm]
Input Voltage 9~18 [V]
Rated Voltage 13.5[V]
Rated Efficiency 78 [%]
Operating Temperature -40~125[TC]

11. DESIGN OF BLDC MOTOR DRIVE

A.  Device Selection Considering Operating Temperature
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Fig. 1. prototype sketch of integrated water pump

Before developing the water pump drive, it is necessary to
consider operating temperature. The motor controller is
directly connected to the BLDC motor and the capacity is 350
[W]. The water pump is located near the engine room.
Therefore ambient temperature of the water pump is similar
to the engine room. In the worst case, coolant temperature
could reach 110 [C]. Considering the coolant temperature,
the high temperature devices for the water pump should be
selected. Figure 1 shows prototype sketch of integrated water
pump. Switching device is located between motor and
controller for cooling. Assuming 110 [T] coolant
temperature, the temperature of the switching device reach at
150 [TC]. Therefore, it is essential to select the switching
device which is operated at 150 ['C]. The maximum current
of the controller is 60 [A] and the operating voltage is 9~18
[V]. Considering these points, the Infineon IPB180N series
was chosen as MOSFET.

It is also important to select electrolytic capacitor. In the
inverter, the capacitor is continuously charging and
discharging. Therefore, the operating temperature of the
capacitor is also high. Lots of companies produce capacitor
having high operating temperature. However, most of
electrolytic capacitors having 150 [‘C] operating temperature
are too bulky to apply the prototype water pump drive.
Therefore, VA series of Samhwa Electric was selected as DC
link capacitor. This capacitor has The load life of 4000 hours
at 130 [C].

All devices for water pump drive except micro controller
and electrolytic capacitor was chosen that the operating
temperature is at least 125 [C].

B.  Size Issue for Water Pump Drive

(a) Water pump

(c) Top view of drive
Fig. 2. Photos of water pump and BLDC drive

(d) Top layer of drive

The water pump is located near the engine room. The space
of engine room is not enough. In order to apply to the
automotive water pump, it is necessary to integrate and
miniaturize pump, motor and controller. It is important to
place the components of controller. The space of controller is
75x32[mm](diameter x height).

To apply the water pump, the drive was designed in the
form of a round. The controller consists of two boards which
are control board and power board. The top board is control
part and the bottom board is power circuit part. For cooling,
MOSFET is placed on the bottom of the power board.
Through the proper placement of the components and optimal
design, the size of entire controller is 75x28[mm]. The rated
power is 350 [W] and the rated power density is
approximately 2.8 [kW/1].

C. Protection of Reverse Voltage

Automotive application is DC voltage system. The DC
voltage system always must be careful of reverse voltage. In
the case of reverse dc-link voltage, it badly damages the
controller. To protect the controller, it is essential to apply
protection circuit. A relay is widely used for protection of
reverse dc-link voltage in the electrical drives. But the relay is
bulky and has a narrow range of operating temperature. It is
important to reduce the size and to have a wide range of
operating temperature in automotive applications. It is more
important because the water pump locates around the engine
room.

To solve this problem, reverse voltage protection circuit
with MOSFET composed. Fig. 3 (a), (b) shows a circuit and
the flow at the forward operation. At initial power-on, the
drive operates through the body diode and then the MOSFET
is turned on by applying a gate signal. Fig. 3 (c) shows a
circuit at the reverse operation. At initial power-on, the diode
of MOSFET is reverse and the MOSFET is not turned on.
Therefore, the controller is protected from reverse voltage.
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(c) Flow at reverse operation

Fig. 3. Flow at the Forward and Reverse Operation

D. Limitation of Inrush Current

The inrush current is the waveform of the input current,
measured immediately after the input voltage is connected.
When the power switch to the supply is initially turned on,
the bulk capacitor initially appears effectively as a short
circuit, which may result in an unacceptably large inrush
current [7]. To limit this inrush current, a thermister, which
initially has a large resistance when it is cold, is widely used.
However, the water pump system has wide range of operating
temperature, and therefore it is not suitable to apply the
thermister. And a relay to switch, which is widely used, is not
suitable for the water pump. The relay is bulky and has a
narrow range of operating temperature.

By considering terms of size and operating temperature, a
MOSFET is applied as a switch. Fig 4 shows flow at the
initial turned-on. Initially the MOSFET is off and the current
limiting resister limits the inrush current at turn-on. When
the bulky capacitor voltage charges up, the MOSFET is
turned on, thus bypassing the current limiting resistor.

(a) Atinitial turned-on
Fig. 4. Flow at the initial turned-on

(b) after charging the bulky capacitor

Fig 5 shows experimental results with protection circuit for
inrush current and without the circuit. The switching timing is
determined by a combination of resistor and capacitor

connected to the gate of MOSFET. The peak value of the
inrush current without protection circuit is reached at 137 [A].
however, the peak current with protection circuit is limited at
5 [A].
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E.  Operation of BLDC Motor
The block diagram of BLDC motor drive is shown in Fig. 6.
€as, Ebs, aNd e are trapezoidal shaped back-EMFs, and R; is a
shunt resistor for current sensing, and Z,=Ls+R.
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Fig. 6. Block Diagram of BLDC Motor Drive



The BLDC motor can be represented as
v=Ri +5[Ls(er)i + Ay ]
dt 1)

. di . d
=Ri+L(0)—+iw —L.(6.)+e
+ S( r)dt+ wr d@r s( r)+

However, the term of i@, dL(6.)/d, is zero because
there is no change in inductance according to the position.
Therefore, the motor can be represented as

v:Ri+LSEi+e
dt

V,| [R 0 ofi,|] [L, 0 O ’ i.] [e.] @
Vb:OROib+0LSOaib+ebs
V.| |0 0 RJi,| |0 0 L| [i| e,

where i, i, and i; are phase current, and V,, V, and V. are
phase voltage.
The electromagnetic torque is expressed as

Te = i (easia + ebsib + ecsic) (3)
a)r

Assuming that there is no phase difference between current
and back-EMF, we can write the electromagnetic torque as
_ 2El
B @,

T (4)

e
r

The interaction of T, with the load torque determines how
the motor speed is built up

T.=T +392
dt

+Bow, ()

Where, T is load torque, J is inertia, and B is the viscous
damping.

Some applications in automotive field require low torque
ripple, e. g. electric power assisted steering. To achieve this, a
sinusoidal current control could be a solution. The
requirement of a low torque ripple is not main priority for
small power water pump. Therefore, the squire-wave current
control is preferred over the more expensive sinusoidal
current control [4].

Consider the operation of the BLDC motor with six-switch
inverter topology [8, 9, 10]. Fig. 7 shows back-EMF and
phase current waveforms, where the rotor is rotating in a
counter clockwise direction at a speed of wp . This emf
waveform has a flat portion, which occurs for at least 120
electrical degree during each half-cycle. The amplitude E is
proportional to the rotor speed. The back-EMF constant is 0.9
mV/rpm, and maximum operating speed is 9,000 rpm.
Therefore, the amplitude E is 8.1 V at 9,000 rpm. This point
is important to design the motor and drive. The operating
minimum input voltage should be larger than back EMF at
the maximum speed.
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Fig. 7. Back-EMF and Phase Current Waveforms

The proportional-integral (PI) control scheme has been
widely used for the speed control of motor drives. In this
application, PI control scheme is used as the speed controller.
The mechanical angular frequency is calculated from hall
sensor signal. Fig. 8 shows overall block diagram for the
Controller. In the block diagram, parameters with superscript
* denote command value and K;, is back EMF constant.
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Fig. 8. Block Diagram of Controller

Motor

V. EXPERIMENTAL RESULTS

Fig. 9 shows photos of the BLDC drive and experimental
setup. To apply the water pump, the drive was designed in the
form of a round. The top board is control part and the bottom



board is power circuit part. The size of a drive is 75X28[mm]
(diameter X height). The rated power is 350[W] and the rated
power density is approximately 2.8 [kW/I].

The BLDC drive were tested extensively with
dynamometer load and evaluated its performance over
various tests. Fig. 9 shows the experimental test setup. The
desktop commands speed to the inverter by CAN
communication. A power measuring device was installed at
the input lines of the motor to measure the input power,
current and voltage.

8 hit

of
(MC9S08DZ32) was used. The Features of Speed-Torque-
Current (N-T-1) in case of supplying 13.5V rated voltage are
shown in Fig. 10. The satisfactory results are obtained the
efficiency 78% at the point of rated torque, 450mNm.

In  consideration production, processor

V. CONCLUSION

This paper presents a design and implementation of BLDC
motor drive for the automotive water pump. For the operation
of a water pump for automobile application, it is important to
consider not only performance but also reliability. In order to
enhance reliability, all parts of the controller, which the
operating temperature range is over 125 [C], was chosen.
And for the cost, the drive was simplified.

Through the experimental results, validity and quality of
the reported designs are verified, and the motor and drive are
obtained the efficiency 78% at the point of the rated torque,

450 [mNm].

The developed BLDC drive has been

successfully applied to the automotive water pump.
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