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ABSTRACT

In the multi-evaporator air conditioners systems, the compressor speed and the expansion value opening degree
affect coupling the evaporator wall temperature in two-phase region and the superheat on the evaporator tube. This
research used system identification to get the inner & outer loop transfer functions between the air-conditioner and
its environment. The anti-windup method avoided the saturation phenomenon generated from integral controller.
The linear matrix inequalities (LMI) based on linear quadratic regulator (LQR) mixed H2 and Hinf control
algorithm computed the optimal control gains from the input and state performance indexes. In the target
temperature achievement example for the inverter split air conditioner, this proposed method controlled the air
conditioner with two evaporator temperatures efficiently through those two optimal feedback gains. In addition, the
results show a novel path for energy saving by the proposed LMI method.

1. INTRODUCTION

For the inverter split air conditioner, the indoor temperature was controlled by the evaporator temperature and the
superheat. And the evaporator temperature and the superheat were controlled by the compressor speed and the
several electronic expansion valves opening degree. The control for multi-input multi-output systems (MIMO) was
well-known much more difficult than that for single input single output systems (SISO) because of the coupling
effects especially for split air conditioner units. Lin and Yeh (2007) used decoupled control scheme for temperature
control of multi-evaporators air conditioning systems based on system modeling and identification. Yakubovich
(1962) provided the first solution for matrix inequalities. The multiple-input multiple-output linear matrix inequality
algorithm got more attraction in recent years (Palhares et al., 1996; De Oliveira et al, 2002). This proposed study
based on LMI algorithm achieved the target temperature from evaporator temperature and superheat adjustment by
controlling compressor speed and electronic expansion valve opening degree. This study investigated the
temperature control for air conditioners based on linear matrix inequalities algorithm. The paper is organized as
follows. Section 2 presents brief review for inverter air-conditioning system. Section 3 presents the transfer function
from system indemnification. Section 4 presents the anti-windup and section 5 shows LMI formulations. Section 6
presents several numerical results for the proposed approaches.
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2. BRIEF REVIEW FOR INVERTER AIR-CONDITIONING SYSTEM

The air-conditioner contains four major parts: outdoor unit contains the compressor, condenser, electronic expansion
valve and outdoor fan; indoor unit contains the evaporator and the indoor fan. Its operation cycle structural functions
are as follows: (a) the compressor: the compressor with the permanent magnet brushless motor compresses the low-
pressure low-temperature gaseous refrigerant into high-pressure high-temperature gaseous refrigerant. The
refrigerant flow can be controlled by the compressor speed, and its speed is set to 15 ~ 90 Hz; (b) the condenser: the
outdoor fan removes heat from the condenser to the outdoor atmosphere, so the high-pressure high-temperature
gaseous refrigerant becomes the high-pressure middle-temperature liquid refrigerant; (c) the electronic expansion
valve: the electronic expansion valve converts the high-pressure middle-temperature liquid refrigerant into the low-
pressure low-temperature liquid refrigerant. The level of lower temperature and pressure can be controlled by the
electronic expansion valve opening, and the opening degree is set to 10 ~ 500 Pulse; (d) the evaporator: the low-
pressure low-temperature liquid refrigerant through the inhaled higher indoor temperature air evaporates into low-
pressure low-middle-temperature gaseous refrigerant. In the meantime, this inhaled relatively higher indoor
temperature air cools down and discharges back into the room, so that the indoor ambient temperature can go down
into the required temperature. The low-pressure low-middle-temperature gaseous refrigerant at the evaporator export
re-enters the compressor. One whole air-conditioner cycle is completed by those procedures.

The entrances and exports of the evaporator are in the two-phase coexistence of low-temperature liquid and low-
middle-temperature gaseous refrigerant. The refrigerant from the evaporator export to the compressor entrance can
be reheated by the ambient temperature, and this reheat procedure makes low-middle-temperature gaseous
refrigerant overheat.

The low-pressure low-temperature liquid refrigerant through the evaporator in isothermal state becomes low-
pressure low-temperature gaseous refrigerant working region, a liquid-gas two-phase coexistence saturation zone. If
the refrigerant is heating up continually, then the refrigerant working region will leave the saturation zone and enter
the overheated gaseous zone. The increased temperature which the evaporated low-pressure low-temperature
refrigerant leaves the saturated zone and keeps heating up on the working region before entering the compressor is

defined as the superheat 7, .

__.__:Outer Loop
........... : Inner Loop

Figure 1: Inverter air-conditioner system control flow chart

The reaction rate of the inner loop and the outer loop was different, so this study discussed two feedback loops. The
inner loop defined the relationship between the compressor and the multiple evaporators, and the outer loop defined
the relationship between the multiple evaporators and the environment. The notation subscript £k means from 1

to k and the number of multiple evaporators is k. For example, the evaporator temperatures 7, means [T LT 2] and
two evaporators in this paper.
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The indoor temperatures 7, were generated by the evaporator temperatures 7, and the superheats 7, . The outer loop
feedback errors e between the indoor settings temperatures 7. and the indoor temperatures 7, were multiplied by
the controller feedback gain K to get the evaporator temperatures f" . and the superheats f .« - The high superheat
makes the compressor damage easily, so the superheat values f . must be greater than superheat setting
values 7, . The outer feedback gain K needs the anti-windup to avoid integrator saturation.

The evaporator temperatures T, and the superheats 7, were generated by new compressor speed @ and new
electronic expansion valves &, . The inner loop feedback error e, between (Ti L f . ) from outer loop and (7, , T, )
from inner loop were multiplied by the controller feedback gain K to get compressor speed @ and electronic

expansion valve openings ¢, . The inner feedback gain K needs the anti-windup to avoid integrator saturation.
The high compressor speed makes the whole system damage easily, so the compressor speed must be less than new
compressor speed @ . Those procedures based on the two feedback control gains make the split type air conditioner

achieve the target temperature.
Indoor temperature changes were much slower than the outdoor unit. The proposed method handled them separately
and made indoor temperature control efficiency. In the multiple-input multiple-output inverter air-conditioning

system, the cooling fan speed of indoor unit and outdoor unit was set to be constant; the compressor speed @_and
electronic expansion valve openings o, were set to the controllable inputs; the evaporator temperatures 7', and the

superheats 7, were set to the outputs. The system control flow chart was shown in figure 1.

3. TRANSFER FUNCTION FROM SYSTEM IDENTIFICATION
3.1 System Identification

The evaporator is the exchange place between air-conditioner temperature and indoor temperature. X. D. He et al
(1995) established equivalent vapor compression cycle dynamic parameters, and discussed evaporator model
through the two-phase region and the superheat zone. The outer and inner loops are the multiple-input multiple-
output parameter system, and the system identification transfer functions are shown in Figure 2. In Figure 2 (a), the

compressor speed @ and the electronic expansion valve opening degrees «, are inputs, and the evaporator
temperatures 7', and the superheats 7, which affect heat absorptive capacity in the evaporator are outputs. In Figure

2 (b), the evaporator temperatures 7, and the superheats 7, are inputs, and the indoor temperatures 7, are output.

Since the system identification is for MIMO system, the space state form systems can be expressed as

e c — — =
y= = G(9)rran | =GX 2= L = HS)wan | o (= HY
T a sh,
Shk Vi k
@, T, T, T,
G(s) L H(s) —
[24 Tth Tth
vk
(@) ®)
Figure 2: MIMO parameters block diagram
The transfer function estimation G of m" data by the least squares method shows,
G, =(X,X,)' Xy, @

th

The (m +1)" data can be expressed as y , = X, G, so the transfer function estimation G is
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A

Gm+l = (X;+1Xm+1 )_1 X;Hy

— T T -1 T
ml T (Xm Xm + xnz+1xm+]) Xm+1ym+1 (3)
After calculations and rearrangement, the recursive least squares equation is

- A T -1 T T -1 -1 -
Gm+l - Gm + (Xme) xm+l [I + xm+] (Xm Xm) xm+| ] I:ymH - xm+]Gm] (4)
The transfer function estimation A has similar equation 4 form.
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Figure 3: system identification for inner loop
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Figure 4: system identification for outer loop

For the inner loop, the compressor speed, the first electronic expansion valve opening and the second electronic
expansion valve opening were fixed at 50 Hz, 140 Pulse and 110 Pulse respectively. First, the first electronic
expansion valve opening degree changed from 100 to 180 Pulse. Second, the second electronic expansion valve
opening degree changed from 80 to 140 Pulse. Finally, the compressor speed changed from 40 to 60 Hz. Each
period took 4.5 minutes, and there were 2.25 minutes between two periods. The other two parameters remained
constant while one parameter varied with time.

For the outer loop systems identification, the first evaporator remains 10.5 °C and superheat changed from 5 to 12 °C.
The second evaporator remained 10 °C and superheat changed from 3 to 10 °C. Each period took 50 minutes.

The area of first room was around 48 m” and the area of second room was around 26 m”. The height of the room was
around 2.7 m. Figure 2 showed the MIMO parameters block diagram for outer and inner loops, figure 3 was the
system identification for inner loop and figure 4 was the system identification for outer loop. The system
identification by recursive least squares method was the first-order low-pass filter shown in equation 5.

[ —0.0040 0.0015 —0.0006 ]|
s+0.0351 s+0.0351 s+0.0351
0.0017 —-0.0016 0.0011 —0.00002 0.00016
0.0228 s+0.0228 s+0.0228 100008 00008
G(s)= |°F H(s)=| s+0.0008 s+0.0008 5
(5) —0.0048 0.0003 0.0018 (s) -0.00025 0 0.00065 | ©
s+0.0308 s+0.0308 s+0.0308 s+0.0015 5+0.0015

0.0049 —0.0002 —0.0043
Ls+0.0279  5+0.0279 5+0.0279 ]

4. ANTI-WINDUP
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The integrator reduces the system steady-state error but the integrator saturation causes the windup phenomenon. In
equation 6, the parameter u_has three possible outputs corresponding to the controller inputu .

u. . for u <u
min ¢ min
U =qu for u_ <u Zu (6)
s c min c max
for u >u
max c max

In figure 1, the difference betweenu and u, multiplies by coefficient , then adds the error signal eis the input of

integrator. This anti-windup can suppress integrator saturation phenomenon caused by integrator. In general, the
bigger ¢ value, the faster saturation convergent rate. A variable-structure (switching) for proportional integral anti-

windup method was introduced (VSPI) (Hodel and Hall, 2001), i.e. u, =0 with u_=—Kx+r is in linear operation,

and u =-a(u, —u)with u =—Kx+ris in saturation.

5. LMI formulation

5.1 Discrete time state space equations with anti-wind up for inverter split air conditioner systems

The system discrete time dynamic equation can be expressed as state space form,

X(k+1)=AX(k)+ Byu, (k) + B u, (k) + Bw(k); z(k) = E X (k)+ Eu (k) + Gw(k) @)
Where u is control input, Wis disturbance input, z is the reference output, u, =0 with u_ =—Kx+r is in linear
operation, and u, = —a(u, —u ) with u = —Kx+7 is in saturation.

5.2 Hinf Formulation

The control is the closed-loop system to minimize Hinf rank from the disturbance input w to the reference output z .
A. J. Connolly pointed out the designed controller from the entire control with Hinf estimation can effectively
reduce the transient response time and the steady-state error (Connolly, 1995).

If the transfer function of the system has bounded in equation 8, then

2 T
[ D D
<

2
] = sup = = sup =<y
weR ||C()||2 weR z w @

®)

J, = z (y’w' @ - z" z) Where y is the bounded and J  1s performance index
0

In the Lyapunov stability theory, the system is said to be asymptotic stable if there exists a symmetric
matrix P = P" in equation 7.

It is assumed that function ¥ (k)is x" (k)Px(k) , and feedback compensatoru(k)is—Kx(k). The discrete Lyapunov
equation can be expressed as follow,

AV =[ 7w (kyw(k) - 2" (k)z(k) | < 0 Where AV = ¥ (k +1) =V (k) )
From Equation 9, in the linear operation,
x4 Pi-P+E'E * Iy
w B'PA ~(’I-B'PB)  * || w]|<0 (10)
r B'Pd B'PB B'PB, |7
w=(71-BPB)" B P(Br+AX) Where A = A~ BK, B = B,andE = E, — E.K (11)

In the saturation situation,
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(12)

w=(7'1-B'PB)" B P(Bu, —aB r)+ AX) Where d = A+aB K, B=B, +aB andE =E (13

5.3 H2 Formulation
Choose performance index J, , so thatJ, = z (x"Ox +u' Ru) Where Q = E]TE1 ,and R = EZTE2
0

In linear operation,

[X] A'PA-P+EE +K'E'EK * [X} .
r B'PA-E'EK B'PB+E'E, L7 )
In saturation situation,

x4 PA-P+EE * * X

u, E;Pj l:?ZTPEZ * u (<0

r —aB'PA  -aB'PB, o'B'PB |L7

5.4 Linear matrix inequality expression

The two important concepts were shown here before deviating linear matrix inequalities.

0 s e
>0& R>0,0-SR S >0
R

r

The first is the Schur complement: M = |:

The second is the inverse matrix expression: (4+BCD)" = A" — A" B(C” + DA"'B)' DA™

For the convenient computation, set P = Y o andZ = KY :

There exists Y = ¥ such that Hinf norm LMI in linear operation can be expressed as:

-Y * * * *

0 0 * * *

o W
|
~
*
*
A
()

Ay
0 Bl -y %

'EY 0 0 0 -I]

There exists Y = Y such that Hinf norm LMI in saturation can be expressed as:
[ _y * * * * * |

T
* * * *
0 EE
* * *

0
— <0
-4Y -B B -Y % %
0 0 0 B —yI *

' EY 0 0 0 0 -]

There exists W = W' and Y = Y' such that H2 norm LMI in linear operation can be expressed as:

(14)

15)

(16)

(17)

(18)

(19)

(20)
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-Y * * *
= T
W T 0 E‘2 E‘2 % *
The optimization problem min(W) subject to | — >0,Y>0, — — <0 (21
w.y B Y AY B -y *
EY +E,KY 0 0 -7
. T T . .
There exists W =W and Y =Y such that H2 norm LMI in saturation can be expressed as:
[y * * * ® ]
0 E'E * * *
:T 2 2
o . . w .
The optimization problem min(W ) subject to| — >0,Y>0,| 0 0 0 <0 (22)
wx B Y = =
AY B -aB Y
EY 0 0 0 -7
@ ®) © @
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Figure 5 response comparisons for the first room
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Figure 6 response comparisons for the second room

An inverter split air-conditioner operating condition was shown here. The outdoor temperature, first indoor room
temperature, the second indoor room temperature, the compressor speed, first electronic expansion valve opening
and the second electronic expansion valve opening were set to 31 °C, 29 °C, 28.2 °C, 15~ 90 Hz (600 rpm ~ 7200
rpm), 10 ~ 500 Pulse, and 10 ~ 500 Pulse, respectively. The indoor target temperature was determined to at 26 °C.
The experimental machines are split type with R410A refrigerant, and the cooling capacities are 3.5kW and 5.0kW.
The compressor speed and electronic expansion valve opening were the inputs; two-phase wall temperature and
superheat were the outputs. This study was based on multiple-input multiple output (MIMO) system, so the
evaporator temperature and superheat were cross-coupling controlled by compressor speed and electronic expansion
valve opening at the same time.

Those MIMO simulated results based on mixed H2/Hinf LMI and traditional interaction scheme were shown in
figure 5, 6. The indoor temperature result in figure 5, 6(a) was decreased gradually before they reached the steady
state. The traditional iteration scheme was for validation purpose. Their steady state error temperatures for two
indoor rooms were acceptable, says less than 0.5 °C. The dash line is for proposed LMI method and the solid line is
for traditional iteration method. In figure 5, 6(c), the highest compressor speed for LMI was 17.6% less than that for
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the traditional iteration method. The lower compressor speed the lower electric current usage. In figure 5, 6(d), for
the electronic expansion valve opening, the LMI method was also less than the tradition iteration method. The less
opening the little more electric current usage, but the effect of opening on current was less than that of compressor
speed on current according to empirical investigation. The proposed LMI method provided a path for energy saving.

6. CONCLUSIONS

This paper presented a new approach for inverter split air conditioner. The inner and outer loop LMI separation
schemes were first addressed here. The method didn’t need to compute only one transfer function represent whole
system. This proposed method could deal with the two loops separately in the same way, so the inner loop gain and
outer loop gain were granted.

The results showed that multivariable temperature control system by linear matrix inequities was controllable and
convergent. The control logic mentioned as follows: two indoor temperatures were controlled by two evaporator
temperatures and two superheats. Those superheats were controlled immediately by the compressor speed and two

electronic expansion valve opening degrees. Comparing the indoor temperature changes 7, =7  with the

superheat setting values 7'

sh _setk

In the beginning of control, the room temperature was much larger than its target value, and superheat was at high
state. The control system reduced superheat by the high compressor speed and high electronic expansion valve
opening degree. When the room temperature was close to setting value, the superheat was at low state. The
compressor speed and electronic expansion valve opening had also dropped to low speed and low openings. The
system was operating under the steady state; the indoor temperature was stable under the control settings.
Comparing with the steady state superheat, the high superheat affected high speed compressor. The system increased
energy use. The low superheat affected low speed compressor. The system decreased energy use. Figure 5, 6(b)
showed the LMI method was better energy saving than traditional iteration method.

Until the indoor temperature setting values reached and the compressor speed and electronic expansion valve
opening also became steady state. The LMI formulation guaranteed the computation time was much faster than the
traditional iteration time. In addition, the compressor speed for LMI scheme was less than that for iteration scheme,
so this method was also a novel energy saving approach, shown in figure 5, 6(c).

could control the indoor temperature effectively.
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