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Abstract. In this paper, controller design for compressor of CO2 trans-critical water-
water heat pump is researched; the hardware circuit of controller is designed based on
dsPIC30F6010 of company MICROCHIP; conventional proportional-integral-derivative
(PID) method and the design and completion of fuzzy PID controller are introduced;
the control strategy is debugged by the model of brushless DC motor (BLDCM) built in
MATLAB, also, corresponding experiments are done; experimental results and simula-
tions verify the validity and rationality of the designed controller.
Keywords: BLDCM, dsPIC30F6010, PID, Fuzzy PID

1. Introduction. Compared with conventional gas water heater and heat pump water
heater, CO2 trans-critical water-water heat pump has advantages of low energy consump-
tion, environmental protection and wider temperature range of water supplying, etc.

Jiang et al. provided thermodynamic analyses of tans-critical CO2 cycle with and with-
out internal heat exchanger (IHX) [1], the experimental results of systems with and with-
out IHX were analyzed and compared, indicating that IHX could improve the performance
of the trans-critical CO2 heat pump system. Ma et al. of Tianjin University analyzed the
reliability of the trans-critical CO2 air conditioning system [2], also, based on the built
experiment rig of CO2 trans-critical water-water heat pump, the control strategy and
method were researched. Rubaai et al. of Howard University proposed an integrated en-
vironment for the rapid prototyping of a robust fuzzy PID controller that allowed rapid
realization of novel designs [3]. Both the design of the fuzzy PID controller and its integra-
tion with the classical PID in a global control system were developed. Shanmugasundram
et al. of University of Madras presented the design and implementation of fuzzy controller
and its performance is compared with PID controller to show its ability to track the error
and usefulness of fuzzy controller in control applications [4].

In order to improve the control performance of heat pump system, targeting at the
compressor, the most significant part of electronic control system of CO2 trans-critical
water-water heat pump, in this paper, the hardware circuit of controller is designed com-
bining fuzzy control strategy; the model of BLDCM is built in MATLAB and correspond-
ing simulations are done; simulations and experimental results verify the validity of the
proposed control strategy.

2. Components of Electronic Control System of Water Heat Pump. The di-
agram of electronic control system of researched water heat pump is shown as Figure
1.
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Figure 1. The diagram of electronic control system of water heat pump

The core of the control system is digital signal controller (DSC) dsPIC30F6010, on the
basis of its strong computing function and abundant integrated peripherals; therefore, the
whole electronic control system of water heat pump can be accomplished.

The performance of the electronic control system is decided by the compressor, com-
pressor is the heart of the heating system, and the flowing and recycling of the working
medium (CO2) are realized by the operation of the compressor. BLDCM is applied as the
compressor of researched electronic control system.

3. Controller Design of BLDCM. PWM scheme is applied to regulating the speed of
sensor-less three-phase BLDCM, zero-crossing method of back EMF and position sensor
are used to obtain the motor rotor position, the MCPWM module of dsPIC30F6010 of
Microchip is used to output PWM wave to intelligent power module (IPM), and thus the
control function is realized.

3.1. Conventional PID algorithm. The control law of conventional PID controller is
as follows:

u(t) = KP

[
e(t) +

1

TI

∫ t

0

e(t)dt + TD
de(t)

dt

]
(1)

In the actual computational process of DSC, the incremental PID formula is applied:

u(k) − u(k − 1) = KP [e(k) − e(k − 1)] + KIe(k) + KD[e(k) − 2e(k − 1) + e(k − 2)]

∆u(k) = u(k) − u(k − 1)

(k = 0, 1, 2, . . .)

KI = KP T/τI

KD = KP τD/T

(2)

In Equations (1) and (2): u(k) – The computer output value at the kth sampling time,
e(k) – The input deviation value at the kth sampling time, e(k− 1) – The input deviation
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value at the (k − 1)th sampling time, KP – Scale factor, KI – Integral coefficient, KD –
Differential coefficient.

In this paper, the input and output of PID controller are motor rotor speed and duty
of PWM respectively, and Ziegler-Nichols method is applied to regulating the PID pa-
rameters [5].

3.2. On-line self-tuning fuzzy control algorithm. The diagram of on-line self-tuning
fuzzy control algorithm is shown as below.

Figure 2. Diagram of on-line self-tuning fuzzy control algorithm

The key to realizing the self-tuning of PID parameters is figuring out the relation
between three PID parameters (KP , KI , KD) and error (E) or rate of change in error
(EC).

The error is defined as the difference between the given speed and the actual speed, and
the change in error is defined as the difference between the present error and the previous
error. During the operating, E and EC are continuously detected, based on the principle
of fuzzy control, three parameters are on-line regulated in time to satisfy the different
requirements for controller parameters of different E and EC, and thus the controlled
object can obtain good dynamic and static performance. The algorithm is easy for both
computing and DSC implement.

The general fuzzy PID controller consists of three parts [6-8]. They are fuzzification,
fuzzy rule base and fuzzy inference, defuzzification. The design steps are as follows.

3.2.1. Fuzzification.
1) Fuzzification of input.
The inputs of the fuzzy controller are error E and change in error EC, the outputs

are three PID parameters KP , KI , KD. The speed of BLDCM changes from 0-3000 rpm
according to the specifications. Then the range of error is from −3000 to +3000 rpm;
thus, the change in error is from −6000 to +6000 rpm.

Assuming that the range of original analog quantity is [a, b], the setting formula is as
(3).

y =
1

b − a

[
x − a + b

2

]
(3)

Thus, the setting formulas of E and EC are shown as follows.

E ′ =
E

6000
(4)

EC ′ =
DE

12000
(5)
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Therefore, E ′, EC ′, fuzzification of input are obtained and quantized using the following
linguistic terms negative big (NB), negative medium (NM), negative small (NS), zero (Z),
positive small (PS), positive medium (PM), positive big (PB).

2) Fuzzification of output.
The outputs are three PID parameters K ′

P , K ′
I and K ′

D, the range of which is set as
[−3, 3]. According to the experience, let the three outputs multiple quantization factor
respectively. The quantization factor can be regulated in time by experimental method
according to various controlled objects.

The parameters are also quantized using the same terms as above.

3.2.2. Fuzzy inference and rules.
1) Membership function. The membership function of variables E ′, EC ′, K ′

P , K ′
I and

K ′
D in this paper is the combination of zmf function, triangular function and sigmoidal

function, shown as follows.

Figure 3. Membership function of variables E ′, EC ′, K ′
P , K ′

I and K ′
D

2) Fuzzy rules. The outputs of fuzzy controller, K ′
P , K ′

I and K ′
D, are obtained using

the following 49 fuzzy rules:
1. If (E is NB) and (EC is NB) then (KP is PB) (KI is NB) (KD is PS)
2. If (E is NB) and (EC is NM) then (KP is PB) (KI is NB) (KD is NS)

...
48. If (E is PB) and (EC is PM) then (KP is NB) (KI is PB) (KD is PS)
49. If (E is PB) and (EC is PB) then (KP is NB) (KI is PB) (KD is PB)
The fuzzy sets of three parameters are shown as Tables 1, 2 and 3.
3) Fuzzy inference. Assume that there are two fuzzy rules as below:

R1: if x is A1 and y is B1, then Z is C1

R2: if x is A2 and y is B2, then Z is C2

If x = x0, y = y0, according to Mamdani’s min-max inference rules:

µC(Z) = ⌊ω1 ∧ µC1(Z)⌋ ∨ ⌊ω2 ∧ µC2(Z)⌋ (6)

where ω1 = µA1(x0) ∧ µB1(y0), ω2 = µA2(x0) ∧ µB2(y0).

Table 1. The fuzzy set of K ′
P

E ′\EC ′ NB NM NS ZO PS PM PB
NB PB PB PM PM PS Z Z
NM PB PB PM PS PS Z NS
NS PM PM PM PS Z NS NS
Z PM PM PS Z NS NM NM
PS PS PS Z NS NS NM NM
PM PS Z NS NM NM NM NB
PB Z Z NM NM NM NB NB
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Table 2. The fuzzy set of K ′
I

E ′\EC ′ NB NM NS ZO PS PM PB
NB NB NB NM NM NS Z Z
NM NB NB NM NS NS Z Z
NS NB NM NS NS Z PS PS
Z NM NM NS Z PS PM PM
PS NM NS Z PS PS PM PB
PM PS Z PS PS PM PB PB
PB Z Z PS PM PM PB PB

Table 3. The fuzzy set of K ′
D

E ′\EC ′ NB NM NS ZO PS PM PB
NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS Z
NS Z NS NM NM NS NS Z
Z Z NS NS NS NS NS Z
PS Z Z Z Z Z Z Z
PM PB PS PS PS PS PS PB
PB PB PM PM PM PS PS PB

3.2.3. Defuzzification. The fuzzy output of the controller should be converted to crisp
value by the defuzzification. MOM method is applied in this paper, and the formula for
the MOM defuzzification method is as below.

u0 =
l∑

j=1

ωj

l
(7)

where ωj: Outputs whose values reach to the maximum m(ωj), l: Number of outputs.

4. Simulation of Motor Control System.

4.1. Simulation of current loop. The simulation model of current loop is shown as
Figure 4, the PI integral separation regulator is applied to shortening overshoot and static
error.

The wave of feedback current is shown as Figure 5.

4.2. Simulation of speed loop. The self-tuning fuzzy algorithm is applied to the speed
loop to obtaining good static and dynamic performance. The diagram of simulation of
speed loop with current loop is shown as Figure 6, the “Current Controller” is the cur-
rent loop mentioned above, the “Saturation” is applied to limiting the maximum current
reference, which is the output of speed loop, to 10A, and the “Filter” is a one level low
pass filter.

The simulation results are shown in Figure 7, the command signals are square wave
and 0-3000 pulse, and it can be seen that the designed control method has good tracking
performance and quick response to speed mutation.

The photos of designed controller and test bench are shown as Figures 8 and 9.
The software test platform is built in LabWindows, the speed signal is given as 2700rpm,

3Hz sin wave, and experimental result is shown as Figure 10. It can be seen that the
designed fuzzy controller can obtain better tracking performance than conventional PID
controller.
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Figure 4. Simulation model of current loop

Figure 5. The wave of feedback current

5. Conclusions. In this paper, controller for the most significant part of electronic con-
trol system of CO2 heat pump water heater, compressor, is researched. The hardware
circuit of fuzzy controller is designed; we build the model of BLDCM in MATLAB, and
on that basis, corresponding simulations are done, as well as necessary experiments that
can verify the validity of designed controller. In the future, with the development of digi-
tal signal processor (DSP), the designed controller in this paper can be replaced by DSP
to obtain better functions.
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Figure 6. The diagram of simulation of speed loop with current loop

Figure 7. Tracking performance and response of designed fuzzy control method

Figure 8. Photo of test bench Figure 9. Photo of designed controller
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Figure 10. Comparison of tracking performance of fuzzy PID and con-
ventional PID
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