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TECHNICAL MEMORANDUM

SLIDING MODE THERMAL CONTROL SYSTEM FOR SPACE STATION
FURNACE FACILITY

. INTRODUCTION

The space station furnace facility (SSFF) isafacility for materials research in the microgravity
environment of the International Space Sation Alpha U.S. Laboratory. The SSFF will accommodate
basic research, commercial applications, and studies of phenomena of metals and alloys, el ectronic and
photonic materials, and glasses and ceramics. To support this broad base of research requirements, the
SSFF will provide the core systems to operate, regulate, and support a variety of furnaces. The core sys-
temsinclude electrical power, gas distribution, thermal and environmental control, magnetic damping,
health monitoring, and sample translation and exchange.

The thermal and environmental control system has as one of its subsystems the thermal control
subsystem (TCS). The TCS functions to collect, transport, and reject excess thermal energy from com-
ponents, subsystems, and furnaces within the SSFF that have an active fluid interface. The TCS utilizes
single-phase water as its cooling medium and consists of piping, heat exchangers, coldplates, valves,
flow sensors, temperature sensors, pressure sensors, furnace cooling jackets, and a centrifugal pump.
The schematic of the TCSis shown in figure 1. The thermal systems are plumbed in parallel paths to
conserve water resources and to maintain maximum heat rejection capabilities.

Path 1 Path 2 Path 3 Path 4

O ©) o [

I
Coldplates : Coldplates Coldplates
Control Control Control
p— Coldplates
/_
Heat
Furnace Furnace Exchanger

L — L — — — (E?

@I - Flow Sensor ——@—— |

Control
@ - Pressure Sensor
-

® - Flow Control Vave Pump Source

Figure 1. TCS schematic.



The objective of the TCSisto simultaneously control the thermal environments of several fur-
naces and related subsystems plumbed in parallel. Specifically, the high-accuracy, robust, and decoupled
tracking performance of flow rate profilesin the various parallel subsystem pathsis desired. Shown in
figure 1, the flow rate profilesin paths 1 through 3 are actively controlled by a closed-loop system, and
the flow rate profile in path 4 is passively controlled by an open-loop system. The valvein path 4 is
fixed to a prescribed position, and the flow rate profile is maintained to a constant by controlling the
system pressure drop across the parallel paths. For the specified tracking problem, four control inputs are
employed to achieve the flow tracking performance. Three inputs are used to modul ate the flow control
valvesin paths 1 through 3, and one input is used to modul ate the pump speed. The pump speed is
modulated to control the system pressure drop, which serves to decoupl e the flow dynamics across the
parallel paths.

A mathematical model of the TCSis derived as a means to simulate the dynamic response of the
actuators, flows, and pressures within the system. Hydraulic systems such as the TCS usually consist of
liquid-filled tanks connected by pipes having orifices, valves, or other flow-restricting devices. The
dynamic response of such fluid systems can be analyzed using the fundamental laws of conservation of
mass and momentum that govern the flow of liquids. Specifically, there exist three types of basic ele-
ments for mathematical modeling of hydraulic systems: resistance, compliance, and inertance elements.
These elements can be combined using an electrical analogy to form the mathematical model of the
hydraulic system, according to Ogata.1 The dynamic response of the pump and the flow control actua-
tors are included with the hydraulic model to simulate the integrated system response. For the TCS,
physical interconnection of the parallel paths through a common pump source implies that its mathe-
matical model is described by coupled nonlinear differential equationsin flow and pressure with par-
tially known parameters and unknown disturbances.

A review of the control system theory that is applicable to systems like the TCSis now dis-
cussed. A fundamental problem of interest in control system theory isthe design of controllers that yield
acceptable performance for not one, but afamily of multivariable, nonlinear, coupled, time-varying
plants under various types of inputs and disturbances. Over the years, various control approaches have
been developed to handle such plants. Two of these approaches, the sensitivity approach? and the linear-
quadratic-Gaussian (L QG) design approach,3 have dominated the 1960’ s and early 1970's and are till in
use today. The former approach relies on small perturbations around an accepted model, and the latter
approach relies on a statistical description of the disturbances and unknowns. Both approaches utilize
frequency shaping filters such as the well-known proportional -plus-derivative-plus-integral (PID) filter
to achieve the desired control system performance. Late in the 19th century, the Russian mathematician
A.M. Lyapunov4 developed an approach to control system design and stability analysis of nonlinear
systems, now known as the “direct method of Lyapunov.” This approach has been widely used in the
last 25 years and involves construction of appropriate Lyapunov functions. The approach popularized in
the 1970’ s is that of adaptive control,> where the controllers learn the values of the disturbances and
unknowns through appropriate feedback or feedforward loops. The Hoo (H-infinity) approach® has
dominated the research in the 1980’ s. Here, the objective is to obtain a controller that minimizes the
maximum norm of a disturbance input-output operator. Two approaches that have attracted a great deal
of research interest in recent years are disturbance-accommodating control (DAC) developed by C.D.
Johnson8 and feedback linearization shown by A. Isidori 7 and J.E. Slotine.® The former involves
dynamic modeling of uncertain disturbances coupled with feedforward/feedback controllers to achieve
performance specifications. The latter relies on algebraically transforming a nonlinear system into a
linear one, so that linear control techniques can be applied. Finally, an approach that has recently
received serious attention in the U.S. is that of variable-structure systems (VSS). Introduced to the U.S.
in 1976 by Russian professors U. Itkis10 and V.I. Utkin,11 VSS has the distinctive feature of changing
the structure of the system during the transient process (hence the term VSS). A special subclass of VSS
control isthat of sliding mode control. The application of sliding mode control techniquesto the TCSis
the primary focus of this report.

According to Itkis,10 Utkin,11 and DeCarlo,12 sliding mode control is uniquein its ability to
achieve accurate, robust, decoupled tracking for a class of nonlinear time-varying multivariable systems
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in the presence of disturbances and parameter variations. Unlike the numerous af orementioned control
approaches, sliding mode control achieves this unique performance without precise calculations or esti -
mations of the system parameters, nonlinearities, and disturbances. Sliding mode control relies on the
presence of a high-speed switching feedback control, and hasitsrootsin relay and bang-bang control
theory. The advent of faster switching circuitry, and the many advances in computer technology, have
made the implementation of sliding mode control areality and of increasing interest to control system
engineers.

As shown by ltkis, 10 Utkin,11 and DeCarlo, 12 diding mode control utilizes a high-speed switched
control law to cause the nonlinear plant’s state trajectory to move onto a desired linear switching surface
called the diding surface. The objective isto move to this sliding surface and to stay there for all subse-
guent time. This surface is called the sliding surface because the plant’ s state trajectory seemsto dlide
along the desired linear surface by the high-speed switching action of the control law. That is, the plant’s
state trgjectory is“above” this surface if the control law is at one gain and “below” this surface at the
other gain. The plant’s motion along the dliding surface represents the controlled system’ s behavior. By
proper design of the sliding surface, the sliding mode control law attains the desired performance for the
system. The “desired” performance of the TCS system is defined or obtained when the system flow
tracking error responds as a linear time-invariant homogeneous system with strategically placed eigen-
values.

This report focuses on applying sliding mode techniques to a special operating case for the TCS.
The normal operating case for the TCSis represented by the system pressure being tightly controlled.
For the normal case, decoupled flow tracking performance is easily maintained by the TCS' s flight con-
trollers. However, this pressure control may not always be fully operational. That is, the pressure con-
troller could be poorly designed or operating in a degraded mode due to a system fault. This anomaly
would represent the worst-case scenario for coupling between the respective flow paths. Coupling exists
in the normal case where the pressure controller is fully operational, but coupling exists much stronger
in the anomaly case. This report presents the design and performance of dliding mode controllers for the
normal and anomaly cases and, in either case, decoupled tracking performance is maintained.

This report formulates the system equations and devel ops the sliding mode controllers that cause
the interconnected TCS subsystems to operate in the local sliding modes, resulting in control system
decoupling and invariance to some external and interaction disturbances, plant uncertainties, and non-
linearities. The desired decoupled flow rate tracking in the local liding modes is achieved by simple
eigenvalue placement of the local linear iding mode equations. Extensive digital simulation results are
presented to show the control system’s performance. A comparison against the actual flight TCS PID
control algorithm isincluded to demonstrate improved performance over traditional control techniques.

[I. MODEL FORMULATION

A. Theory

The mathematical model of the TCS is derived as a means to simulate the dynamic response of
the actuators, flows, and pressures within the system. The basic equations that govern the dynamic
response of fluid systems are the equations of continuity of mass and momentum. According to
Streeter,13 these equations can be derived using the control-volume concept. A control volume refersto a
region in space where the flow occursinto and out of the space. The size and shape of the control
volume usually coincide with the physical boundaries of the system being analyzed. For the TCS, the
control volume constitutes a smooth cylindrical pipe.

The law of conservation of mass states that the mass within the system remains constant for al
time. Thisisexpressed in equation form as



dm
_:O, 1
m @

where m is the total mass. Streeterl3 derives the continuity of mass equation from the law of conserva-
tion of mass stated in equation (1). Thisis shown as

dm __ d
E—O—aprdV"'ICSdeA, (2)

where p isthe mass density, dv is the element of volume, V is the velocity of the center of mass of the
system, and dA is an area element of the outflow area. This equation states for a control volume (cv) that
the time rate of change of the massin a control volume is equal to the net increase or decrease of mass
flowing into the control-volume surface (cs).

Newton’s second law of motion is usually stated as
SF=4(my), &
dt

where 2_F isthe sum of all forces acti ng on the system. Streeter13 uses Newton’s second law of motion

stated in equation (3) to derive the continuity of momentum equation for a control volume. Thisis
shown as

_d(mv) _d
SF= T Jo PV [ PVVEA 4

This equation states for a control volume that the sum of all forces acting on the system is equal to the
time rate of change of the linear momentum in a control volume plus the net increase or decrease of
linear momentum flowing into the control-volume surface.

The general continuity of mass and momentum relationships shown in equations (2) and (4) are
developed specifically for the TCS hydraulic model. Consider a smooth cylindrical pipe with unsteady
uniform incompressible fluid flowing through it. Consider that the flow is only in the x direction, such
that the external forces and flow velocities are in the x direction. Also, consider that the inlet and outlet
flow velocities across the control-volume surface are equal, such that the second integral in equation (4)
goes to zero. The resulting continuity of momentum equation is shown as

S Fx= [, PV ®

The resulting continuity of mass equation is shown as

d _
PO = [ pVxdap . ©)

To derive the basic flow dynamics equation for the TCS, it is useful to start with the continuity of
momentum relationship stated in equation (5). The sum of forcesin the x direction acting on the fluid in
the pipeis primarily comprised of three pressure forces. Van Wylen!4 defines pressure as the normal
component of force per unit area. Thefirst of these pressure forcesis the pipeinlet pressure (Pjn) and the
second is the pipe outlet pressure (Pqy). Thethird is the pressure loss (Pjqss) due to the frictional 1osses



between the fluid and the inner surface area of the pipe. All three pressures are multiplied times the
cross-sectional area (ap) of the pipe. The sum of the forcesin the x direction is shown as

YFx= (Pin—Pout—Ploss) ap - (7)

According to Streeter,13 the Darcy-Weisbach equation is generally adopted for pressure loss calculations
through a pipe. Thisiswritten as

Ploss= RW, )

where W is the average mass flow rate through the pipe in (Ibm/h) and Risthe flow resistancein
(Ibf-h/Ibm-ft2) defined as

W

R=ki —— .
2p9.ap

©)

where g; isaconversion constant in (Ibm-ft/Ibf -s2), &, is the cross-sectional area of the pipein ft, and ks
isthe unitless friction loss factor defined as

kf:f'a, (10)

wheref isthe unitless friction that is required to cause the equation to produce the correct value for
losses, | isthe length of the pipein ft, and d isthe inside diameter of the pipein ft.

For acylindrical pipe, the total volume (V) is calculated as
v=la,, (12)

and the average mass flow rate (W) is calculated as

W= papVy - (12)

Substituting equations (7), (8), (11), and (12) into equation (5), evaluating the integral, and rearranging
termsyields

dw 1
E = E (Pin—Pout—RW) , (13)

where L isthe flow inertance in (1bf-s-h/Ibm-ft2) defined as

L= .
apgc

(14)

The resulting flow dynamics relationship stated in equation (13) is afunction of the basic resistance (R)
and inertance (L) flow elements and the inlet and outlet pressures. The derivation of the pressure equa-
tion is discussed in the following.

To derive the basic pressure dynamics equation for the TCS, it is useful to start with the continu-
ity of mass relationship stated in equation (6). Substituting equation (12) into the right-hand side of
equation (6) and integrating the mass flow into and out of the pipe control-surface volume yields



S LLPNE Y Wi Wod) (19)

Evaluating the integral resultsin

d(pv) _
T = z (Win_Wout) . (16)

Ogatal defines the term compliance (C) as the change in the quantity of liquid per changein pressure.
Another way of representing thisis by the relationship

)

dp '’ (17)

where C can be expressed in units of (Ibm-in2-s/h-1bf). Solving this relationship for d(pv), substituting
the resulting expression into equation (16) and dividing through by the compliance (C), it is shown that
the resulting pressure dynamics equation is

% :é Z (Win—Wou) - (18)

It should be noted that the compliance term in equation (18) is composed only of the pipe wall
compliance, since the fluid is assumed to be incompressible. Compliance for a pipe wall is calculated as

_ g3
4Eep ’

C (19)

where| isthe length of the pipe, d isthe diameter of the pipe, E is'Young' s modulus of elasticity that
relates stress and strain, and e, is the pipe wall thickness.

Hydraulic pressure and flow represented by equations (18) and (13), respectively, are now in
terms of the three basic elements for mathematical modeling of hydraulic systems: resistance, compli -
ance, and inertance elements. These elements can now be combined using an electrical analogy to form
the mathematical model of the hydraulic system.

B. TCSMode

Asseeninfigure 1, the TCS has a pump source that forces cold water through four subsystem
flow paths plumbed in parallel. Hydraulic systems such as the TCS usually consist of liquid-filled tanks
connected by pipes having orifices, valves, or other flow-restricting devices. The dynamic response of
such fluid systems can be analyzed using the basic elements for mathematical modeling of hydraulic
systems: resistance, compliance, and inertance elements. To form the TCS model, these elements are
combined using an electrical circuit analogy. The resulting circuit is shown in figure 2. From this circuit,
the flow and pressure equations are written to represent the hydraulic mathematical model of the TCS.
The valve and pump actuator equations are included with the hydraulic equations to represent the whole
TCS mathematical model. For convenience, the whole TCS mathematical model is divided into two sub-
models: the flow path model and the source model.
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Figure 2. TCS equivalent circuit.

1. Flow Path Modédl. Each of the four flow paths consists of components (for example, cold-
plates, heat exchangers, flexible tubing, quick disconnects, furnace cooling jackets, flow sensors, etc.)
plumbed in series with aflow control valve. The model of each flow path has one equation that
describes the dynamic response of the mass flow rate of water and two equations that describe the
dynamic response of the flow control actuator and valve. The four path flow descriptions are presented
in equation (20). This equation is derived by applying equation (13) or Kirchhoff’s15 voltage law to each
flow path shown in figure 2. Kirchhoff’ s voltage law states that the algebraic sum of the voltages around




any closed path is zero. Since voltages are analogous to pressures and currents are anal ogous to flow
rates, the resulting path flows are shown as

dwi _ 1 [P‘(Rvi"'RPi)Wi] , Oi=14, (20)
dt  Lp

where Rp is the lumped path flow resistance, Lp isthe lumped path flow inertance, Ry isthe valve
resistance, and P = P,—P, isthe system pressure drop across the parallel subsystem paths.

Thevalve is classified as a variable position valve; moreover, the valve resistance is a nonlinear
function of the angular position of the valve. The valve resistance is calculated based on equation (9),
where the loss factor (k) isanonlinear function of the valve angle (8). The loss factor data are supplied
by Allied Signal Aerospacel6 and are shown in table 1. Defining the function

: 1
Ki=ki 57—, (21)
"7 20982

and substituting this function into equation (9) simplifies the expression for the valve resistance. Thisis
shown as

Ry; = KiWi . (22)

Considering that K isafunction of the data shown in table 1, it is advantageous to find a concise non-
linear curve fit function to represent k’; . This curve fit function is chosen as

k*f = ae_ﬁmi+6 , (23)

where a, 3, and d are unknown constants to be determined later.

Minimizing errors between a chosen curve fit function and a given set of datais of upmost con-
cern for engineers. Shown by Strang,17 one of the best procedures used in minimizing this error isthe
linear least-squares method. This method is demonstrated by considering the linear system shown as

Ax=b, (24)

where A isan nxm matrix of known linearly independent column vectors, xisan mx| column vector of
unknown elements, and b isan nx1 column vector of known elements. If the system shown in equation
(24) could be solved exactly, there would be no errors. However, since there are more equations than
unknowns (i.e., n> m), the system cannot be solved exactly and, hence, the objective is to minimize the
resulting errors. According to Strang,l’ the |l east-sguares solution to the inconsistent system Ax =bof n
equations and m unknowns satisfies

ATAX = ATb, (29)

where the column vector X isthe linear least-squared error solution for the system.



Table 1. Vaveloss data

VaveAngle(8) | LossFactor (ks)
0.0 5,995,463.0
5.0 1,199,092.0
6.0 599,546.0
7.5 257,805.0

10.0 101,923.0
12.5 38,971.0
15.0 21,584.0
17.5 11,691.0
20.0 8,394.0
30.0 1,559.0
40.0 539.6
50.0 251.0
60.0 125.0
75.0 47.0
90.0 22.0

For the nonlinear function shown in equation (23), the coefficients (unknowns) a, 8, and d are
solved by applying the linear least-squares method just discussed. For convenience, the first stepisto
rewrite equation (23) in the form

f(a,8,0) = aeP8i+o-k; =0. (26)

The following step is to linearize the above equation using the well-known Taylor series expan-
sion that is shown by Wylie.18 Taking only the first-order terms of the expansion yields the general
result

Lof (a,B,9) df(a,,9) Jf(a,B,9)
T oa 277 P ME’E-Z? raofot) = (27)
0=50

where ag, Bo, and Jg are initial guesses or initial conditions for the unknowns, and Aa, AB, and Ad are
the deviations or deltas from the initial guesses required to solve the system.



For the next step, the new variable definitions

_ of(a,B,9)
Ja=—5 " (29)
jﬁz%’égﬁ)’ (29)
j5= 259, @

are chosen to ssimplify the expression in equation (27). Substituting equations (28), (29), and (30) into
equation (27) and applying the result to each of the 15 data points shown in table 1 yields the following
system of linear equations:

Dlal !ﬁl thMlCYD Dfl(ao,Boﬁo)[

Dlaz I, Jézm%m Df (00.30'50)[ (31)
. |:| .

| iYe)
5015 JB15 JélSD@ E g15(00B0150)E

The original nonlinear system is now in the standard linear form, Ax= b, wherex =[Aa ABAJT
isa3x1 delta column vector of unknown elements. These unknown elements are solved by applying the
method described by equation (25) to the system shown in equation (31). The solved elements of the
delta column vector are then added to the initial guesses, agp, Bo, and dp, to obtain updated estimates for
a, B, and & . These estimates are substituted into equation (26) to verify the resulting curve fit. Several
iterations through this method are usually required to obtain the optimum curve fit function for the data.
After severd iterations, the optimum coefficients are solved as a = 0.129 and 6= 1.14x10-5, both in
units of (Ibf-h2/lbm2-in2), and B = 0.169 deg-1. Substituting the curve fit function represented by
equation (23) and its coefficient values into equation (22) resultsin the valve resistance equation

2
Ry; = (0129¢7016%1+114x1075) W, Ibf 6 5, Oi=14. (32
[bmih

The plumbing configuration within each respective flow path is assumed to be the same. That is,
the component (for example, coldplate, heat exchanger, flexible tubing, quick disconnect, funace cooling
jacket, etc.) configurations are consistent between parallel paths. The component loss data that comprise
each flow path are supplied by the respective component vendors. Each flow path resistance (Rp) iscal -
culated by adding (in series) the individual component loss data. The resulting summationis cal culated
&

| bf G2

Rp; = 357x 107°W —— 5
Ibmith

Oi =14 . (33)

The line lengths and pipe cross-sectional areas are also assumed to be consistent between flow
paths. The flow inertance (Lp) for each path is calculated according to equation (14). Specifically, the
flow inertance for each component is calculated and added (in series) to yield the total inertance for each
path. The resulting summation is calculated as
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hSlbf
lbmih? ’

Lp = 7.03x107% Oi=14. (34

The flow control actuator that is located in each flow path consists of an analog speed controller
and a brushless dc motor. The flow control actuator is connected through a common shaft to the scul p-
tured ball valve to provide the desired valve movement. The valve integrates its commanded rate (@) to
achieve the desired valve position (). Hence, the response of the valve position is modeled as an ideal
integrator. Thisis shown as

d—‘?i:wi, Oi =14 . (35)

The angular valve speed (@) response of the analog speed controller and brushless dc motor
combination to the commanded valve speed (u;) ismodeled as afirst-order delay. Thisis shown as

d 1 .

o= (@), Di=1d, (36)
t T

where T isthe time constant delay equal to 0.01 s, and k, is the conversion constant between voltage and

degrees per second, equal to 1.0 (deg/s-V).

The composite flow path model is represented by equations (20), (35), and (36). These equations
are combined with the source model to represent the whole TCS model. The source model equations are
presented in the next section.

2. Source Model . The source model consists of the system flow and pressure drop, pump motor,
pump speed controller, and system pressure controller equations. The pump source functions to force
cold water through the four subsystem paths. This source also functions to control the system pressure
drop across the parallel subsystem paths. Modeling the dynamic response of the source isimportant
because the four flow paths are dynamically coupled through this common source.

The system flow (Ws) description is presented in equation (37). This equation is derived by
applying equation (13) or Kirchhoff’ s> voltage law to the source flow path shown in figure 2. Thisis
shown as

dWs 1
o == —P- , 3
& Ls (Ps—P-RaWy) (37)

where L g isthe lumped source inertance, Rs isthe lumped source resistance, Pgisthe pressurerise
across the pump source, and P = P;—P, isthe system pressure drop across the parallel subsystem paths.

The pump package assembly that houses the centrifugal pump source consists of many fluid loss
components (for example, coarse and fine filters, temperature, flow, and pressure sensors, gas trap,
check valve, etc.). The combined resistance associated with these components is added to that of the
source heat exchanger and the source line losses to represent the total source resistance (Rs). The com-
ponent loss data that comprise the total source resistance are supplied by the respective component ven-
dors. The resulting summation is calculated as

| bf (G2

=10x107 .
Rs | bmih?

(33)
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The source line lengths, including the supply and return lines to the parallel flow paths, and the
pipe cross-sectional areas are determined. The flow inertance for each source component is calculated
according to equation (14) and summed together to determine the total source inertance (Ls). The result-
ing summation is calculated as

5 hEIbf

=113x10" )
| bmih?

(39)

The pressure rise (Ps) across the pump is described by a pump map function that is afunction of
the pump speed (w,) and the system flow (Ws) at any given time. This pump map function is a nonlinear
family of curves as seen in figure 3. Each curve represents a different operating speed of the pump.
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Figure 3. Pump map.

The system pressure drop (P) description is presented in equation (40). This equation is derived
by applying equation (18) or Kirchhoff’ s5 voltage law to the source flow path shown in figure 2. Thisis
shown as

- ————QNS zw. (“0)
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where C is the system compliance. The individual compliance for each path isfirst calculated according
to equation (19); however, the resulting values for compliance are so small (approximately 10-5), they
cause unnecessary high-frequency dynamicsin the model. Moreover, the flow dynamics are shown to be
insensitive to these high-frequency terms. Hence, the compliance values are not calculated, but artifi -
cially selected for the model. Thisisto allow for expansion and contraction of the fluid system at the
fluid merge and split junctions. The resulting system compliance is chosen as

Ibf B
lbmih?s

(42)

The dynamic model representing the pump source is obtained from the pump vendor, Allied Sig-
nal Aerospace.1® The pump source model consists of a pump motor model, a pump speed controller
model, and a system pressure controller model. For convenience, the equations representing these
models are compressed into a compact form consisting of four differential equations. These are shown as

1
M =— (ktl a_klw%) , (42)
dl 1
d_a - [_Rm| a_kewp_kZ(P_PSEt)_kSC‘)fbk+QXc] ’ (43)
t Lm
dwmk _ 1
_ o) 44
dt Tt (@t “
dXc _ i
i ch"'B[[:bebk P Pset] , (45)

where wy, isthe pump speed, | 5 is the pump motor armature current, cy is the pump speed feedback, X
isthe 2x1 row vector of controller states, | isthe rotor plusload inertia, k; is the current to motor
torque gain, k; isthe speed to load torque gain, L, is the pump motor inductance, Ry, is the pump motor
resistance, ke isthe motor back emf gain, ko is one pump speed controller feedforward gain, k3 isthe
other pump speed controller feedforward gain, Q isthe 1x2 row vector of controller gains, 7; isthe pump
speed filter time constant, M isthe 2x2 matrix of controller gains, and B is the 2x3 plant state input
matrix. The constants in equations (42) through (45) are defined in table 2.

The following are the matrix definitions for equations (42) through (45):

Q=[00213 4000], (46)
O 0 oC
M = , 4
H13x10* oF ()
g O -01 01 [

= . 48
Ha3x1074 -43x10° 43x1075t (“48)

In summary, the source model is an important part of the overall system model because of
the dynamic coupling present through the nonlinear pump source. The composite source model is
represented by equations (37), (40), (42), (43), (44), and (45). These equations describe the response of
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the system flow and pressure drop, pump speed controller, and system pressure controller. The next
section discusses the disturbances and assumptions that are considered in solving the TCS problem.

Table 2. Source coefficient data.

Coefficient Name Coefficient Value
in 3.125x10-5 in-|bf-s2
kt 0.3312 inIbf/A
Lm 0.0012 henrys
Rm 0.618 ohms
T 0.00796 s
ke 0.0418 V/rad-s
kq 5.07x10~7 in-Ibf-s2/rad?
ko 0.00213 A/rad
ks 0.021 A -in2/sbf

3. Modéd Disturbances and Assumptions. This section discusses the magjor sources of distur-
bances and operating assumptions for the TCS model. This section also serves to provide some insight
into the more important dynamics within the model. It is certainly beneficial to consider potential distur-
bances and important dynamics when determining the optimum controllers for a problem like the TCS.

The most important dynamic effect within the TCS can actually be classified as an internal dis-
turbance. Internal coupling of the flow dynamicsisamajor disturbance to maintaining decoupled flow
tracking performance. That is, modulating avalve in one path not only affects the flow in one path but
also the flow in al the other paths. Thisis because the parallel paths are dynamically coupled through
the nonlinear pump source. Dynamic coupling between the respective parallel pathsis seen mathe-
matically from equations (20) and (40), where the system pressure is a function of the path flows and the
path flows are functions of the system pressure. Dynamic coupling is considered the most significant
disturbance to controlling flow in the TCS.

While dynamic coupling is an obvious disturbance to the TCS, there exist other disturbances that
are not so obvious. One of these disturbancesis that of parameter uncertainties. Asin most physical sys-
tems, it isdifficult to accurately model the system under investigation. That is, model coeffficients
usually deviate from their actual values due to measurement inaccuracies, imprecise measurement
instruments, incorrect measurement procedures, and measurement constraints (i.e., it is sometimes too
costly or impractical to accurately measure a certain coefficient). Moreover, these coefficients usually
vary or drift over the operational life of the system. Since control systems such as the TCS are designed,
analyzed, and simulated using a computer mathematical model, it isimportant to consider potential
parameter uncertainties and variations seen in the model of the physical system.

Another disturbance worth consideration is that of disturbance torques. Disturbance torques
occur external aswell asinternal to the TCS control valve actuator and originate from avariety of
sources such as power delivery spikes, electromagnetic interference, and flow turbulence variations.
Such torques are unmeasured and can greatly affect the performance of the TCS. It isimportant to
design the control system robust to unwanted disturbance torques present in the physical system.
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Some operating assumptions for this model are now addressed. As discussed by Brogan, 4 the
important properties of complete observability and controllability are assumed valid for the flow path
model around the nominal operating point. These properties assure for i =1, mthat (1) the path flow W;
can be determined from the outputsy; and (2) the flow reachesits set-point (i.e., Wi(t) - W(t)) ina
finite amount of time. For the source model, it is assumed that the system pressure drop controller is
poorly designed or operating in a degraded mode. This assumption is useful in simulating the worst-case
scenario for controlling flow rate profilesin the respective parallel paths.

This section identifies most of the major disturbance sources and addresses some of the major
operating assumptions, both for the TCS mathematical model. This section also gives someinsight into
the important dynamics to consider when designing and verifying the controllers used to achieve the
control system goals.

C. Summary

The TCS mathematical model consisting of flow path and source equations were developed in
this section. All equation parameters were included for model completeness. Values for these parameters
were either obtained from the vendor, derived using first principles, or assumed using a conservative
estimate. This section also addressed the major sources of disturbances and discussed the major operat-
ing assumptions. This section formulated the set of nonlinear differential equations with partially known
parameters and unknown disturbances that describe the TCS system. The next section discusses the
basics of sliding mode control theory, which is used to control the TCS mathematical model.

1. BASICSOF SLIDING MODEL CONTROL

Variable-structure systems (VSS) have the distinctive feature of changing the structure of the
system during the transient process (hence, the name VSS). A specia subclass of VSSisthat of sliding
mode control. In sliding mode control, asin all VSS, the structure of the system is changed by a high-
speed switching control law, i.e., the control gain is toggled between two values depending on some
rule. Sliding mode control isunique in its ability to achieve accurate, robust, decoupled tracking for a
class of nonlinear time-varying multivariable systemsin the presence of disturbances and parameter
variations. Sliding mode control achieves this performance without precise calculations or estimations of
the system parameters, nonlinearities, and disturbances.

Sliding mode control relies on the presence of a high-speed switched control law. Thislaw
causes the nonlinear plant’s state trajectory to move onto a user-specified state space surface (called the
dliding or switching surface), and maintains the plant’ s state trajectory on this surface for all subsequent
time. When operating in this surface, the controlled system is said to be in its “sliding mode.” The sur-
faceis called the dliding surface because the plant’ s state trajectory seems to slide along this surface by
the high-speed switching action of the control law. That is, the plant’s state trgjectory is “above’ this
surface at one gain and “below” this surface at the other gain. The plant’ s motion along this surface
represents the controlled system'’ s output behavior. By proper design of this sliding surface, the dliding
mode control law attains the desired decoupled, linear, set-point tracking performance for the system.

A. Background
Fundamental to VSSisthat a nonlinear control law causes the plant’ s closed-loop dynamics to
change its structure according to some user-chosen rule. If properly designed, the resulting nonlinear

feedback control system achieves the desired output tracking solution for the given problem. Asan
example of VSS, consider the unstable linear second-order plant state model
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with one measurable state X, and one control input of the form u = k(x1), where the control gain k(x;)
takes on two possible values, +3 or —3. Thissystem isillustrated in block diagram formin figure 4. As
seen in the block diagram, a switch represents the toggling of the control gain k(x;) between its respec-
tive values. For both positions of the switch, the system has alinear structure; moreover, the system has
complex eigenvalues when k(x1) = +3 and real eigenvalues when k(x;) =-3.

3

X2 X1

Figure 4. System block diagram.

When the switch isin the lower position, the unstable, unforced motion of the systemis
described by the model

OO 000 1000aC

BoH™ F1o osHR.E (50)

The phase plane plot of equation (50) is shown in figure 5. The plot shows the plant state’ s trajectory
gpiraling toward infinity.

When the switch isin the upper position, the unstable, unforced motion of the systemis
described by the model

10 00 100mxar

FoH Bo osHBet D

The phase plane plot of equation (51) is shown in figure 6. The plant’ s state trajectory asymptotically
goes toward infinity according to the straight line boundary equations 2.5x1—x, = 0 and 2.0x; +x, = 0.
These boundary equations are solved as the elgenvectors of the system described by equation (51).

The position of the switch for a given system is determined according to a user-chosen switching
rule. Thisrule utilizes adliding or switching surface, denoted as g = 0. Typically, this surface represents

the desired output tracking trajectory for the system. For the given example, the sliding or switching
surface is chosen of the form

o= axq+Xo , (52
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wherea # 2. For the given example, the switching rule is chosen as

[}43, if 0X1 > 0
K(xp) = . 53
CO=H3 it o <0 3

Selecting the design parameter “a” is now investigated. For a > 2, the resulting system’ s phase
plane trgjectory is shown in figure 7. The shaded and unshaded regions represent the system'’ s trgjectory
when the switch is set to the upper and lower positions, respectively. As seenin figure 7, a perturbation
below the switching surface causes a clockwise encirclement of the phase plane until the switching sur-
face is encountered again. The trgjectory may or may not stay on the switching surface once encoun-
tered. For the given example, the trajectory will encircle the phase plane in a clockwise decaying fashion
until it finally steadies out to zero—similar to alightly damped sinusoid.

X2
A

o X1>0

/‘\ y

N

0=X2 +aX1=0

7

a>2

o X1<0

Figure 7. Phase plane plot for a> 2.

For a < 2, theresulting system’ s phase plane trgjectory is shown in figure 8. Again, the shaded
and unshaded regions represent the system’ s trgjectory when the switch is set to the upper and lower
positions, respectively. However, in this case, a perturbation off the switching surface is always imme-
diately forced back to the surface since the phase plane trgectories always point toward the switching
surface.

In the given example, an interesting observation of VSSis that the closed-loop system is unstable
for both gainsin the control law; nevertheless, with proper switching timing, the resultant response of
the system is stable. Another interesting observation is that the response of a system varies greatly
depending on the selection of the switching law and surface. That is, selection of the switching surface
o= ax;+X where a < 2 results in the unique property that, once the system’ s trgjectory intercepts the
switching surface, it remains there for all subsequent time. This property isreferred to as a sliding mode.
Sliding mode control isaspecial subclass of VSS control. The next section discusses in more depth the
design theory for sliding mode control.
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Figure 8. Phase plane plot for a< 2.

B. Theory

In this section, the theory of diding mode control is reviewed, including some key concepts bor -
rowed from feedback linearization techniques. This section (1) describes the system transformation that
ismost useful in describing the system under consideration, (2) synthesizes the dliding surface upon
which the desired output response is restricted, and (3) devel ops some useful control functions that force
the system to move to the sliding surface and to maintain the sliding surface for all subsequent time.

1. System Transformation. It seems reasonable to discuss the sliding mode control theory asit is
applied to a generic nonlinear multi-input, multi-output (MIMO) system. This theory extends to other
systems such as linear and nonlinear single-input, single-output (SISO) and MIMO systems with
unknown disturbances, time-varying parameters, uncertain parameters, and any combinations thereof
without loss of generality. Consider the nonlinear MIMO system represented by the two vector equa-
tions

x = f(X)+G(x)u

O] : (54)
oy = h(x)

where x isthe nx1 state vector, u isthe mx1 control input vector (or components u;), y isthe mx1 vector
of system outputs (of components y;), f(X) and h(x) are smooth vector fields, and G(x) isanxm matrix
whose columns are smooth vector fields g;.

According to Elmali,1° the sliding mode control design processis initiated by the transformation
of the given system to a canonical form. Discussed in this section, this form is convenient in determining
the vector relative degree and the stability of the internal dynamics for the system. The transformation is
accomplished by applying the input-output linearization technique shown by Isidori? and Slotine.® This
technique involves differentiating the outputs y; until at least one of the inputs u; appear. This technique
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is performed as a meansto find adirect and simple relation between the system outputs y; and the sys-
tem inputs u;. This technique is shown as

Y = Lfin(x) + z LgLfih(gu;, Oi=1m, (55)

where Lg Lf i~Ih(x) # O for at least one j. The number r; of differentiations required for the input u; to

appear is caled the “relative degree” of the ith system channel. Performing the procedure described in
equation (55) for each output y; of equation (54) yields an m-dimensional set of output derivative equa-
tions shown as

0 DL{lhl(x)D [
SRR
D D_D +A(X)5E (56)
g dimhe0g Het
where
DLl Lgnl i) C
=8 L o
E_glum—lhm(x) LgmLtrm_lhm(X)E

According to Elmali, 19 the system described by equation (54) is guaranteed to have vector rela-
tivedegree r =[rq, ..., ry andistherefore linearizable at xq if (1)

Lg;Lfhi(x) =0, (59)

fori=1,..., mj=1,..., m,k=1,..., r;—1, and for al x is the neighborhood of xg; and (2) the
matrix A(X) isanonsingular at X = Xg. It isfundamental to the theory of sliding mode and feedback
linearization control that the original system be linearizable by a proper choice of the control functions
ui. In the above equations, the function Lk denotes the kth successive Lie derivative. Thisis defined in
the first-order case as

Ah(x)

Lpoh(x) = Fv X, (59)
and in the second-order case as
L £ xoh(X
L%poh(x) = W : (60)

and so on.

Shown by Slotine,® systems like the one represented in equation (54) can be transformed, using
the phase-variable canonical form developed by Johnson, 20 to the so-called “normal form.” This allows
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for amore formal ook into the notions of internal dynamics and zero dynamics. Internal dynamics are
defined as the dynamics of the original system that are not involved in the phase-variable canonical form
description. The normal form description of the system is shown as

Zii = Z2i
Zoi = Z3i
(D = Zrmi : (61)

Zemi = Lihi+Lg L hiu
yi = Zli ) Oi = ]-.m
ni=a(zn), 0= +1n

I:II:II:II:II:I[E}_:II:II:II:II:I

where Z isthe phase-variable state vector and 1 isthe internal state vector.
In the transformed system shown above, it isrequired that the internal dynamics described by
hi = q|(Z!’7) ’ DI = ri+1,n ’ (62)

be bounded-input bounded-state (BIBS) stable. As discussed in Byrnes and Isodori,2 one method of
determining BIBS stability is to analyze the zero dynamics defined as

n=q0n), (63)

for exponentia stability. For output tracking problems, Slotine® determines BIBS stability by analyzing
the nominal zero dynamics defined as

n=dz*n) . (64)
for exponential stability, where Z* isthe desired phase-variable trgjectory.
Lyapunov4 devel oped two methods for analyzing the exponential stability of nonlinear systems

such as the one shown in equation (64). The first method involves linearizing the nonlinear system
around some operating point(s) to analyze stability. The resulting linearized system

An = AAN+BAZ* (65)
isthen analyzed by finding the roots of the characteristic polynomial
det [AI-A] =0. (66)

The stability is only dependent upon the matrix A, where the term BA Z* is assumed bounded. For each
operating point analyzed, (1) if the characteristic roots all have negative real parts, the operating point is
asymptotically stable; (2) if at least one of the characteristic roots has a positive real part, the operating
point is unstable; (3) if one or more of the characteristic roots have a zero real part, with the remaining
characteristic roots having negative real parts, no conclusions can be drawn by the study of the linear-
ized model. Note that Lyapunov’ sfirst method is limited to determining stability in small regions about
the operating points.
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The second method, called the direct method, makes use of Lyapunov functions V(x). If a
positive definite function V(x) can be determined such that (1) V(x) > 0for al x# 0 and V(0) =0,
(2 V(x) >0foral x#0,and (3) V(x) € caas||x]| —» oo, then the origin isaglobally asymptotically
stable operating point. In summary, whichever method is used to investigate stability, if the resulting
analysis shows that the internal dynamics are unstable, sliding mode control aswell as feedback
linearization techniques are not applicable to the system.

Procedures to determine the vector relative degree and the stability of the internal dynamics are
discussed in this section. The next section discusses the sliding surface design upon which the output
motion is restricted.

2. Sliding Surface Design. This section synthesizes the sliding surface upon which the desired
output tracking motion is restricted for the MIMO system represented by equation (61). The motion of
the system operating in the diding surface is invariant to disturbances, parameter uncertainties, coupling
between channels, and nonlinearities seen in the system.

In general, the set-point tracking control problem is defined as
lim [y¥@-y®=0, Di=1m, (67)

where y¥(t) represents the time-varying output set-point profile. According to Utkin!! and DeCarlo, 2
the solution of this control problem using sliding mode implies that the synthesis of the sliding surface
defined as ;(x) = 0 in the subspace of the output errors and its derivatives is such that the output
responses of the system in this surface are desirable.

For the MIMO system under consideration, it is desired that the tracking error for each output
responds as a linear homogeneous differential equation with constant coefficients and with optimal
eigenvalues placement. According to Shtessel and Jackson,22 the desired tracking error response equa-
tion is chosen as the dliding surface. Thisis defined as

ai(t) = rr%_lcjiq(j)(t) =0, Oi=1m, (68)
j=0

where ¢;j; are constant coefficients and g (t) are the dynamic tracking errors defined as

a() = y(t)-yt), Oi=1m, (69)

() = Z(t)-Za(t), Oi=1m, (70)

using the phase-variable canonical form variables. The order r 1 of the siding surface equation shown
in equation (68) is chosen as one less than the relative degree for each output channel.

As shown by Utkin, 11 Itkis,10 and DeCarlo, 12 an interesting result of the system operating on the
diding surface is that the motion is governed by a reduced-order set of equations. Thisresult is derived
from the state variable constraints imposed by the sliding surface equation, o(x) = 0. Determining the
reduced order set of equations is accomplished by first substituting equation (70) into the sliding surface
equation represented in equation (68) and then solving for the highest-order state variable. Thisresultsin
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r m—l

Zini = 2 cjizgt!)
]:

I’m—2 .
- CjiZ(j+pi» Ui=1m, (71)
j=0

where c, )i = 1. The next step involves substituting the algebraic expression for the highest-order state
variable Z, -i» sShownin equation (71), into the transformed system represented by equation (61). The
resulting reduced-order set of equations that describe the motion of the system on the sliding surface are
shown as

Z3 = Z2

Z5=Z3
s . (72)

2oty = 2 CHZE — 3 05%CiZ

D]]%DD]]DD

The constant coefficients ¢;; of the linear sliding surface described by equation (68) or (72) are
chosen to provide the desired output tracking motion in sliding mode. As shown by Dorf,23 thisis
accomplished through simple linear design techniques such as pole placement or application of the ITAE
criterion.

In summary, the system description in the sliding surface shown in equation (68) or (72) does not
exhibit coupling between the various output channels. It is also invariant to the system parameter uncer-
tainties and variations, aswell as external and internal disturbances. The next section discusses the con-
trol function designs that cause the system to move to and operate in the local linear sliding surfaces.

3. Control Function Design. This section discusses the control function designs that force the
system to the sliding surface and that maintain the system in the sliding surface for all subsequent time.
Thus far in the discussion of sliding mode control theory, it can be stated that the theories of sliding
mode and feedback linearization control parallel each other. In this section, however, these two theories
deviate from each other in the application of the control function design.

Feedback linearization control relies on the real-time calculation of the control function u;(t,x) to
cancel the nonlinear system dynamics and to achieve the desired output tracking performance; whereas,
the application of sliding mode control does not. Typically, the expression for the control function u; (t,x)
isvery difficult and expensive to accurately calculate; moreover, if successfully calculated, this expres-
sion isvery complicated and calculation intensive. Also, calculation errors for the control function can
potentially cause an instability in the system. Unlike feedback linearization, the application of sliding
mode control utilizes a bounded amount of control magnitude or a combination of a calculated and fixed
amount of control to achieve output tracking performance.

According to Utkin,11 each component u; (t,x) of the high-speed switched control function u(t, x)
has the nonlinear structure described by

uitx) = HJF' tx), a(x)>0

artx), oa(x)<0’ Oi =1m, (73)

where g;(x) = 0 istheith switching surface component associated with the (n-m)-dimensional switching
surface

o(x) =[a1X) , ..., omX)]' =0 (74)
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Discussed in the previous section, the switching surfaces g;(x) are defined such that the motion restricted
to o(x) = 0 isthe desired linear response of the system.

According to Slotine,® if anonlinear control function of the form shown in equation (73) is
chosen such that

ai(x) Loi(x) < =pjloi(x)[, Hi =1m, (75)

for p; > 0, then the system will reach the dliding surface o(x) = 0 within afinite amount of time t;
defined as

tr; = 0O =1 . (76)

The inequality represented by equation (75) is the existence condition for sliding mode control. This
condition assures that the state derivatives point toward the sliding surface in the region of attraction.
Shown by Slotine,® a sliding mode control function that satisfies the inequality shown in equation (75) is

G(tx) = Hlieq(t,x)wi , a(x)>0

et x)-p, oi(x) <0’ Oi=1m, (77)

where u™(t,x) is the continuous equivalent control necessary to linearize the system and g isan arbi-
trary constant that represents the discontinuous or switched part of the control function.

According to Utkin,24 the so-called equivaent control concept evolved from an equality first
proposed by Wonham and Johnson?2> for describing the motion of the system in sliding mode. This
equality is shown as

ai(x) = ai(x) = 0. (78)

Applying the chain rule to this equality yields

—a‘:;)((x) x=0. (79)

Substituting the expression for x shown in equation (54) into equation (79) yields

26100 5 = 29 14+ 600X = 0 ®0)

where u™(t,x) is the equivalent control that solves this equation. Assuming the matrix product
[d0i(X)/ 9x]G(x) isnonsingular for all t and X, the equivalent control is computed from equation (80) as

Dai(X)
B ox

69l Do) 4 900 (81)

uPtx) = = 8 H ox X
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The control function defined in equation (77) provides the existence of sliding mode in the presence of
parameter variations and uncertainties, as well as external and internal disturbances.

The dliding mode control functions rely on high-speed switching to achieve performance. The
phenomenon of nonideal but high-speed switching is labeled as chattering. The high-speed switched
components of this chattering are usually undesirable because they may excite unmodeled high-fre-
guency plant dynamics, which could result in unforeseen instabilities. Shown by Slotine,® this
“chattering” may be eliminated by choosing a boundary layer of width € about o = 0 such that the dis-
continuous control function shown in equation (77) is redefined as

qu(t x)+psgrioiX)] . loi(x)| 2 €

D uPi(tx)+p0; , loi(x)| < &’ Ji=1m, (82)

ui(t,x) =
where
p, == a.(X) Oi =1m. (83

This redefined smoothing control function has the advantage of an attractive switching boundary.

Another possible form of the control function structure expressed in equation (73) is

Di-u,max , oi(X)>0

Eruu , ai(x) <0’ i (59

ui(t,x) =

where u" is abounding constant that is obtained from an extension of the existence condition shown
in equatl on (75). According to Slotine,® this extension is defined by the inequality

U™ = uPtxe . Oi=1m. (85)

Meeting this inequality guarantees that the output motion moves to and stays on the dliding surface for
all time. The bounding control value u™ represents the maximum amount of control necessary to
maintain the desired set-point tracking for the specified problem. If this amount of control is not avail-
able (i.e., it istoo costly or because of physical constraints), satisfactory tracking performance is usualy
achieved by setting u; and u;” to anominal control value that is somewhat less than u™.

C. Summary

This section reviewed the major concepts of VSS, specifically that of sliding mode control. This
section identified some techniques common between feedback linearization control and sliding mode
control and pointed out the differences between the two. This section aso illustrated the application of
sliding mode control to a generic nonlinear MIMO system. Sliding mode control isunique in its ability
to achieve accurate, robust, decoupled tracking for a class of nonlinear time-varying multivariable sys-
temsin the presence of disturbances and parameter variations. The next section will formulate the
specific TCS control problem upon which the sliding mode theory is applied.
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V. PROBLEM FORMULATION

This section will formalize the TCS control problem that the sliding mode controllers are
designed to solve. The problem formalization begins with a description of the TCS by a mathematical
model. This mathematical model is represented by the nonlinear MIMO system with partially known
parameters shown in equations (20), (35), (36), (37), (40), and (42) through (45). These equations model
the salient dynamics within the TCS, which include the response of each valve actuator, each path flow
rate, the system pressure drop, and the source flow rate through the pump. The TCS mathematical model
isvery useful in determining the sliding surfaces and control functions designed to meet and even
exceed the control system objective discussed in the following.

The control system objective of the TCSisto simultaneously control the thermal environments
of several furnaces and related subsystems plumbed in parallel. Specificaly, the high accuracy, robust,
and decoupled tracking performance of time-varying flow rate profiles W=(t) in the various parallel
subsystem pathsis desired. It is assumed that each individual path flow rate profile W(t) isformed or
conceived beforehand or in real time.

The TCS set-point tracking control problem is defined as

wnham:o, Oi=13, (86)
where )

a() = WFEO-wWit), Oi=13. (87)

The solution of this control problem using sliding mode is twofold. First, equations g;j(x) = 0 are chosen
such that the sliding mode tracking errors defined in equation (87) are the outputs of linear homogeneous
systems with constant coefficients and with desired eigenvalue placements. Secondly, discontinuous
control laws of the form

F(tx), oi(x)>0 .
ui(tx) = %J'_( x). alx) , 0i=13, (83)
Y (t!X) ’ Ui(x) <0
are chosen such that desired output tracking motion goes to and stays on the sliding surfaces defined as
ag(x) =0.

In summary, the goal of the control system design is to achieve decoupled output tracking in the
presence of system nonlinearities, parameter variations, and external and internal disturbances. This
section formulated the problem upon which the sliding mode control strategy isto be applied. The next
section will detail the design process for the sliding mode controllers.

V. SLIDING MODE CONTROLLER DESIGN

This section discusses the synthesis of the sliding mode controllers designed to track defined
flow rate profiles for the TCS. The TCS dliding mode controller synthesis process consists of three
major steps. The first step isto transform the original system to a convenient canonical form to deter-
mine the vector relative degree of the system and to analyze the stability of the internal dynamics. The
second step isto design the desired linear sliding surface upon which the output motion is restricted. The
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third step isto select the control function to provide the existence of the motion in the sliding surface.
Several dliding mode control implementation issues are al so discussed.

A. System Transformation
Thefirst step in the sliding mode controller design process is to transform the TCS MIMO non-

linear system to aform convenient for the determination of the vector relative degree and for the stabil-
ity analysis of the internal dynamics. The original TCS system is presented in matrix form as follows:

oo
where x isthe 16x1 state vector defined as
x=[Wi 61 @ Wo 62 w2 Ws 65 wz Ws P wp la wik Xa Xcz]T : (%0)
u isthe 3x1 control input vector defined as
u=[u u ud'. (9D
y isthe 3x1 output vector defined as
y=n ¥, vd'. (92)
h(x) isthe smooth 3x1 vector defined as
h(x) =[Wa W2 W4 .
f(x) isthe smooth 16x1 vector field defined as
e fx) = [Fyx) - Fie®]T, (93)
fi(x) = Lipl [P-(R;+*Re)Wi],  Li =147, (94)
fix)=w, Ui=258, (95)
fi(x):—%wi, Oi = 369 , (%)
f10(x) = Lis (Ps—P-RsWg) , (97)
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f14(x) = % @VS - igl\/ViE , (98)

f12(x) = J—; (kel a—kaco) , (99)

f1a(x) = Lim [~Rml a—ketwp—ka(P—Pset) —kaw ik + QX (100)
1400 = — (@p-0om (101)

[f15)  f16¥)] = MXc+B Jome P Pset]T , (102)

and G isthe constant 16 x3 matrix defined as

%)oooooookvo---ogT
T
[ Ky []

G=0 0 0 00 “ 00 0 0 - 0. (103)
O K t O
g)oiooooooomoﬂ

T B

Transformation to a convenient canonical form is accomplished by first applying a technique
borrowed from input-output linearization. This technique, shown in equation (55), is applied to the sys-
tem shown in equation (89). This technique involves taking successive derivatives of each output y; until
at least one input u; appears. Thefirst derivative is calculated as

1 .
Ltohi(x) = — . Qi, 0Oi=13, (104)
o
where |
Q1 = QaWAHP,  0i=13. (105)
and
Qz = - [(aePBia)rk], Oi=13. (106)

It is obvious that the control inputs u; do not appear in the first derivative; therefore, it is necessary to
take the second derivative. Thisis calculated as

1 0 2 2 4 .
L pohi(x) = — = mBeoyWre Pl + = WiQiQai + = %Ns - ZWk%, Oi=13. (107)
Lp; g Pi C K=1

Again, the control inputs u; do not appear; therefore, the third derivativeis calculated as
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0 .
L3 pohi(x) = — L_ DZ Wi + = CY,BW2 Pl +Kwi, 0 =13, (108)
O

P [O-1
where
1
= —aB%wAW2ePBi + . (2Q2aWEH+2Q3Wi) aBwie P8, (109)
P
2 po, 262 2
Wy = — aPBwiWiQiie P + — (4W 05+2Q1Q02) f 5 — ——= Qu , (110)
LPI LPI |C
0
Wiy = QoW - S>W 111
3 Lo C 2AWi S/Vs Z ]E (111)
O C
2 01 1 C
Wy =— (Ps—RsW%—P) Z — Qi - (112)
C 1 Lpg L
D k#1 C

The control input appears after the third derivative of the output function. The resulting 3-dimensional
set of output derivative equations is shown as

0 1 1
50 D—L— é—l Wi, + 7 aﬁWle‘ﬁmlwl%
O Lp (nC
SIID_ 0 1 g 1 —p@
207 T él_l Wi, + = aBWaePB2q, (L, A(X) %12[ , (113)
D |
eEE O L B4 o+ L apnzehoa, e
E LPI 1 | T ’
where
2 apwie oo, 0 0o
D 1 2B -
A(X) = 0 ? a ,Ber 2Ky 0 [ - (114)
D 1 L
. 0 0 = aBW%e‘ﬂmSKvE

The matrix A(x) isnonsingular at X = Xo; therefore, the system islinearizable at Xo and has a vector rela-
tivedegree r =[3, 3, 3]. It isnoted that the input matrix A(x) decouples the control function from each
path.
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The system represented by equation (113) is transformed, using the phase-variable canonical
form developed by Johnson20 to the so-called “normal form.” This allows for a more formal look into
the notions of internal dynamics and zero dynamics. Internal dynamics are defined as the dynamics of
the original system that are not involved in the phase-variable canonical form description. The normal
form description of the system is shown as

(V3 = Z2i
75 = Z3
% _ 1 4 . 1 p gy, ! . 0 1 2 B~
3= L_ j=Wii + 7 apBzze 2I(Zs|+KVU|)a+ 7 apBzze BZyK i | (115)
Pi

oY =2Zi, U0=13
My =a(zn), Oi=1016

where Z isthe 9x 1 phase-variable state vector defined by

Z=[W1 61 w1 W2 62 w2 Wz 83 ws]T, (116)

and n isthe 7x1 internal state vector defined by

-
’7:[WS P wp la wmk Xa Xcz] . (117)

Stability of theinternal dynamicsis required to assure that sliding mode techniques are applica-
ble to the TCS system. According to Slotine,? it is required that the internal dynamics described by

n=q(zn), L0i=1016, (118)

are bounded-input bounded-state (BIBS) stable. This stability is determined by analyzing the nominal
zero dynamics defined by

n, =qi(Z*n), 0i=1016, (119)
for exponential stability, where Z* isthe desired phase-variable trajectory
ze=[wt) W W) . (120)

Defined in section I11. Lyapunov’ s first method is performed on the system shown in equation (119).
Since two equations of the internal dynamics are nonlinear, this method involves selecting nominal
operating point(s) at which the local stability is analyzed. The nominal operating point for the internal
states is shown as

n=ny=[10041 100 10162 158 10162 10162 01078 . (121)

An analysis program is used to linearize the system at a desired phase-variable trajectory
Z* =[2600 3000 2600]', (122)
and the result is shown as
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AR = AAN+BAZ* (123)

where
0 00 200 00 00 00 00 00 [
5—890.0 196 368 00 00 00 00 E
0 00 00 -330 1IE+4 00 00 00 C
A :E -18 00 -348 -515 -175 178 33|5+5E, (124)
0 00 00 1300 00 -1300 00 00 C
5-01 00 00 00 00 00 00 E
H 43E-5 00 00 00 —43E-4 43E-4 00

and BAZ* is bounded. The roots of the characteristic equation are calculated according to equation (66)
&

A1=-0.00414 |, (125)

Ap =-2.708 , (126)
A34=-9.801+]132.84 , (127)
As =-196.0 , (128)
Ae7=-237.4+j551.1 . (129)

These roots al have negative real parts; therefore, the linearized system is stable for the defined operat -
ing point and the desired phase-variable vector. Multiple operating points and phase-variable vectors are
subsequently used to analyze stability, and the results indicate that the linearized system around the local
operating pointsis aways BIBS stable. Time simulations confirm that the internal dynamics are BIBS
stable for the analyzed operating points. Hence, sliding-mode techniques are certainly applicable to the
TCS system.

In summary, this section presented the original TCS system equations in a compact matrix form.
This section transformed the original system, using input-output linearization techniques, to the output
derivative form to determine the system’ s relative degree. Lastly, the original system was presented in
the normal form to identify the internal dynamics and to analyze the stability using Lyapunov’ sfirst
method. The internal dynamics are shown to be stable for the system. The next section discusses the
dliding surface design upon which the output motion is restricted.

B. Sliding Surface Design

The second magjor step in the design processis to choose the desired linear homogeneous sliding
surface upon which each path’ s error dynamics are restricted. The degree (order) of each sliding surface
is chosen as one less than the relative degree for each path’ s output expression. The relative degree for
each path’ s output expression is calculated as the number of differentiations required such that one or
more of the system inputs appears in the resulting output differentiation. For the whole TCS system, the
vector relative degree is a combination of the relative degrees for each output. The vector relative degree
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iscalculated in the previous section as r =[3, 3, 3], hence, the vector degree of the sliding surfacesis
chosenasrs =12, 2, 2].

The dliding surface ¢; equations are chosen as the set of second-order linear homogeneous differ-
ential equations of the form

gi = &tcagtcie=0, Ui=13, (130)

with constant coefficients. Shown by Shtessel and Jackson,22 the coefficients of equation (130) are
selected to obtain the desired transient response of the error dynamics within the TCS. These coefficients
are chosen as ¢;; = 2250 and ¢y = 210, Oi = 1,3, using the ITAE method shown by Dorf.23 The resulting
system has a damping ratio ¢ = 0.7 and a natural frequency wy, = 15.0, according to the standard second-
order form

e+2¢w e+w2e=0 . (131)

The eigenvalues of the system are solved as A1 » = —10.5+]10.7, which gives the desired optimal
transient response of the system operating in sliding mode.

In summary, the linear homogeneous sliding surface equations with desired optimal eigenvalues
placement are chosen for each path. The system response in the dliding surface shown by equation (130)
islinear and invariant to internal and external disturbances, parameter uncertainties, and variations. The
next section will discuss the control function designs that cause the system to move to and operate in the
local linear dliding surfaces.

C. Control Function Design

The third major step of the design process involves selecting the control functions u; (t,x) to pro-
vide the existence of the motion described by equation (130) in dliding mode. According to Utkin,24 the
sliding mode control function judiciously switches back and forth at a high speed between the positive
and negative value of achosen magnitude according to some prescribed control function. That is, each
component u; (t,x), i = 1,3, of the high-speed switched control function has the nonlinear structure
described by

oo 0. a0

Atx), 6i(x) <0’ =13, (132)

Specifically, the nonlinear form of the control function is chosen as
Uit x) = u"®(tx) signfoi(x)],  Li =13, (133)

where g;j(x) = 0 are the desired linear homogeneous switching surfaces defined by equation (130).

Asexplained in section 111 of this report, the existence of sliding mode requires that the state
derivative must point toward the dliding surface in the region of attraction. Thisis shown mathematically
&

gi(x) Doi(x) <0, Oi=13. (134)
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Appropriate selection of the control functions u™(t,x) assures that the above inequality is satisfied.
Thisis accomplished by choosing the value of these control functions greater than or equal to the abso-
lute value of the so-called equivalent control uf(t,x). Thisis shown mathematically as

u(tx) > Pt x)l, O =13, (135)
where the equivalent control u™(t,x) is the amount of control necessary to maintain desired set-point
tracking. In other words, it is the amount of control necessary to maintain the motion of the system on
the dliding surface in the presence of system nonlinearities, parameter variations, and external and inter-
nal disturbances. Mathematically, equivalent control is the amount of control necessary to solve the
equality defined as

og(X)=g(xX)=0, 0ON=13. (136)
Substituting the dliding surface ¢;(x) shown in equation (130) into the above equality yields
Substituting the definition for y; shown in equation (107) into the above equation and solving for the
equivalent control uf(t,x) yields
1 4 1 2 o0l .
W+ T %j:lq)ji + T aBwiWre iq— Ca&—Cig

Lp,
1 )
= Lﬁ KVWiZe—ﬁGi

ufa(t,x) =

(138)

for all i = 1,3. Substituting the above expression for uf(t,x) into the inequality defined in equation (135)
resultsin
_\Nset + i %4 Wi + 1 CY,B(A)iW-Ze_ﬁGiD— Coi&—C1i6
i _ Bl T i N 21 i

Lp,
1 a !
1B et

U™ (tx) 2 (139)

foral i=13.

The control function represented by equation (139) is the maximum amount of control necessary
to maintain desired set-point tracking for the MIMO nonlinear TCS system in the face of time-varying
flow profiles, parameter variations, and internal flow and pressure disturbances. This calculated control
function does not contain external disturbance torque terms; however, these terms could be added to
improve the calculation.

Nonlinear control methods like feedback linearization require accurate real-time cal culations of
functions like the one shown in equation (139) to achieve control system performance. Unlike these
nonlinear control methods, the sliding mode control method does not require such calculationsto
achieve performance. The sliding mode control method only requires that the boundary values of these
type functions be calculated or approximated to achieve sliding mode performance. Furthermore, sliding
mode control usually achieves control system performance using control function values much less than
these boundary values. Not relying on these function calculations is a unique advantage for sliding mode
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control because functions such as the one shown in equation (139) are usually very difficult and
expensive to accurately calculate.

For the sliding mode control function shown in equation (133), the u"&(t,x) values are chosen
by calculating the uf(t,x) expression shown in equation (138) during a computer simulation of the TCS.
Asshownin figure 9, this simulation involves simultaneously changing flow set-pointsin the respective
paths. During the simulation, the time-varying system parameters and states are calculated and substi -
tuted into equation (138). The resulting uf(t,x) calculations for each of the three flow paths are shown
in figure 10.
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Figure 9. Time-varying flow profile plots.
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The specifications for the TCS flight valve actuators call for a maximum and minimum com-
mand voltage of £5 V. From the plots of uf(t,x) shown in figure 10, it is observed that the equivalent
control necessary to achieve dliding surface tracking is mostly contained within the +5-V threshold. This
voltage threshold is shown by the horizontal dotted linesin the plots of u®(t,x) control functions. There-
fore, the resulting sliding mode control function is chosen as

_ 05 ai(x)>0 .
ui(tx) = ET- 5 G(x)<0’ Oi =13, (140)
or equivalently by
u(tx) = 5Cgnoi(x)], 0 =13. (141)

The discontinuous sliding mode control function is defined by the above equations. The next section
discusses several issues related to the realization of the above equations.

D. Realization of Control Function

Therealization of the dliding mode controller is accomplished by first comparing the desired
flow path signal W= (t) with the actual (sensed) flow signal Wi(t) to generate the error signal g(t). This
error signal is then passed through two differentiators to compute the first and second derivatives of the
error, respectively. Each of these differentiatorsisrealized by afirst-order transfer function of the form

1S+l

where the time constant T = 0.01 s. The time constant 7 is a design parameter chosen to filter noise seen
on the error signal. The error signal and its derivatives are then combined to form the dliding surface
eguation. Thisis shown as

0 = §+2104+2250e =0, [i=13. (143)

Finally, the diding surface equation output ¢; is passed into the control function shown in equation (140)
to compute the necessary input u;(t,x). This control input actuates the flow control valve to track defined
flow rate profiles. The composite sliding mode controller isillustrated in block diagram form in figure
11.

W E S é S ‘E' o +5V —— U
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225.0

Figure 11. Sliding mode controller block diagram.
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The sliding mode controller shown in figure 11 isrealized through a continuous circuit. Equiva-
lently, this system may also be realized through a discrete circuit that involves a control computer and
sample-and-hold circuits. The sliding mode control theory is equivalent for both the continuous and dis-
crete realizations with one exception. For continuous realization, the necessary and sufficient condition
for the existence of sliding mode is given as

o(t,x) Co(tx) <0 . (144)

Whereas, according to Sarpturk,26 the necessary condition for the existence of sliding mode for discrete
realization is given as

[o[(k+D)T x]—o(KT x)] Co(kT,x) <0, (145)
and the sufficient condition is given as
lo{(k+D)T ]| < |o(KT,X)| . (146)

The two existence conditions shown above for the discrete realization are dependent upon the discrete
sample period T. As this period becomes smaller, the two existence conditions are easier to satisfy.

The sliding mode controller shown in figure 11 relies on high-speed switching to achieve per-
formance. The phenomenon of nonideal but high-speed switching is labeled as chattering. In general,
chattering must be eliminated for the controller to perform properly. This is accomplished by modifying
the discontinuous control function shown in equation (140) according to the smoothing function defined
by equations (82) and (83). The resulting smoothed control functionis

_BSgn[oi(x)], loi(x)[= € -
u(tx) = J 5, o001 < & Oi =13, (147)

where
~ b5 .
p=-00), Di=13. (148)

Implementation of the smoothing function leads to operation in the sliding surface to within a guaran-
teed precision o= ¢, rather than perfect siding surface operation. The boundary width € = 0.1 is chosen
to tune the control function to achieve a trade-off between tracking precision and robustness to
unmodeled dynamics.

E. Summary

This section discussed the synthesis of the sliding mode controllers designed to track defined
flow rate profilesfor the TCS. This synthesis consists of transforming the system mathematical model to
the normal form to determine the vector relative degree and to analyze the stability of the internal
dynamics, designing the desired linear sliding surface upon which the output motion is restricted, and
selecting the control function to provide the existence of the motion in the sliding surface. Sliding mode
controller realization issues such as continuous versus discrete implementations and chattering suppres-
sion were discussed. The next section will show that the synthesized sliding mode controllers achieve
decoupled output tracking in the presence of system nonlinearities, parameter variations, and external
and internal disturbances.
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VI. SSIMULATION RESULTS

This section presents the results of continuous time simulations of the TCS under various operat-
ing conditions. The time simulations are performed using the Marshall System for Aerospace Simulation
(MARSYAYS) software package. The MARSY AS software package is designed for easy setup and con-
trol of the simulation of continuous dynamics of physical systems on adigital computer. The differential
equations and corresponding coefficient definitions developed in section I of this report are entered into
MARSY ASto build the TCS simulation model. The MARSY AS code representing the TCS model is
shown in the appendix. The Runge Kutta fourth-order algorithm with a 0.001-s step size is used for the
numerical solutions of the differential equations during the simulations.

The performance of the TCS dliding mode controller is assessed under various operating condi-
tions within the TCS. These operating conditions are divided into three categories: (1) ssmultaneous flow
set-point changes in each of the three parallel paths, (2) normalized disturbance torques applied to the
flow actuators, and (3) parameter variations occurring in each of the three paths as well as the source.
For this section, multiple time simulations are performed exercising each of the three operating cate-
gories within the TCS. These simulations assess the ability of the sliding mode controllers to cause the
interconnected TCS subsystems to operate in their local sliding modes in the face of external and inter-
action disturbances, plant uncertainties, and nonlinearities seen in the TCS. The next three sections pre-
sent the results of exercising the three operating categories within the TCS.

A. Interaction Disturbances

The category of interaction disturbances within the TCSisthe first of three operating conditions
discussed. Interaction disturbances are caused by internal flow set-point changes in each of the three
flow paths. As aresult of these flow set-point changes (also called defined flow profiles), each path’s
flow controller modulates its flow control valve to track defined flow profiles. This causes the driving
source pressure to deviate from its set-point—an effect referred to as an interaction disturbance. This
section simulates the sliding mode controller’ s ability to track defined flow profilesin each of the three
paths.

The defined flow profiles consist of a series of randomly spaced ramps with time-varying slopes
and magnitudes. The control system objective is to achieve decoupled tracking performance of these
flow profilesin the face of the interaction disturbances. The simulation results of paths 1, 2, and 3 to the
defined flow profilesis shown in figures 12, 13, and 14, respectively. The dotted lines represent the
defined flow profiles and the solid lines represent the actual flow tracking responses. The flow errors
remain lessthan 0.1 Ibm/h for all three paths when the system is operating in its sliding mode. For afew
short timeintervals (less than 4 sin duration), lack of control resources causes sliding mode to be
destroyed; however, the system error remains less than 8.0 Ibm/h for these short intervals.

The flow response through path 4 is shown in figure 15. This flow is uncontrolled and is includ-
ed to demonstrate the effect of interaction disturbances caused by the flow profile changes in the other
three paths. These interaction disturbances are dynamically coupled through a common pressure source.
Ideally, the common pressure source is controlled to 10 Ib/in2; however, for this simulation, the pressure
controller is degraded to simulate a worst-case scenario for controlling defined flow profilesin the
respective paralel paths. Shown in figure 16, the source pressure deviates from its desired set-point
by over 60 percent, thereby providing a tremendous interaction disturbance within the TCS.

The sliding mode controller utilizes high-speed switching of the control input to realize tracking
performance. The plots shown in figure 17 are of the high-speed switched control inputs to the flow con-
trol valve actuatorsin paths 1, 2, and 3. The TCS flow control valve actuator istypical of most control
actuatorsin that it islow passin nature. Consequently, the TCS flow control valve actuator responds to
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Figure 12. Flow responsein path 1 with interaction disturbance.
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Figure 13. Flow responsein path 2 with interaction disturbance.
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Figure 14. Flow responsein path 3 with interaction disturbance.
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the moving average rather than to every back and forth motion of the high-frequency switched sliding

mode control inputs. The plots in figure 18 show the moving averages of the control inputsin paths 1, 2,

and 3. The TCS valve actuator responses to these control inputs are shown in figure 19. It is observed
that the valve responses are very smooth and exhibit amost no chatter to the high-speed switched con-

trol inputs.
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Figure 18. Moving averages of control inputs with interaction disturbance.
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Figure 19. Valve actuator response with interaction disturbance.
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Shown in figure 18, the moving averages of the control inputs are pegged at the maximum of
+5V and the minimum of -5 V for short time intervals during the ssmulation. Within these intervals,
the system is operating outside of its sliding mode; as a result, the system exhibits imperfect set-point
tracking. However, these time intervals are so short and the tracking errors so small that the composite
performance is more than acceptable for the TCS.

In summary, the sliding mode controllers are shown to be robust to the interaction disturbances
caused by the set-point changes within the TCS. The next section will discuss the results of external
disturbancesto the TCS.

B. External Disturbances

The category of external disturbances within the TCS is the second of the three operating condi-
tions discussed. External disturbances are defined as unwanted torques to the TCS control valve actua-
tors and originate from a variety of sources such as power delivery spikes, electromagnetic interference,
and flow turbulence variations. Such torques are unmeasured and can greatly affect the performance of
the TCS. It isimportant to show that the sliding mode controllers are robust to unwanted disturbance
torques seen in the physical system.

For this simulation, disturbance torques are injected into the TCS through so-called normalized
control forces that are added to the sliding mode control input functions. In reality, these disturbance
torques occur internal to the valve actuators; however, they are normalized and applied at the control in-
puts for simulation purposes. Shown in the previous section, the sliding mode control input functions
consist of a high-frequency signal that is switched between a maximum value of +5 V and a minimum
value of =5 V. This control input signal can potentially be modified by the addition of an external input
signal, which serves to ssimulate the effect of a disturbance torque. This effect is accomplished by inject-
ing the signal shown in figure 20 to the second high-frequency control input signal shown in figure 17.
This external signal causes the actual control input signal to deviate by 30 percent from the nominal
control input signal, shown in figures 17 and 18. A time simulation is used to assess the performance of
the dliding mode controllersto this potentially devastating disturbance torque.
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Figure 20. Normalized disturbance torque function.
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The simulation results of paths 1, 2, and 3 to the injected disturbance torque are shown in figures
21, 22, and 23, respectively. The dotted lines represent the defined flow profiles and the solid lines
represent the actual flow tracking responses. The flow errors remain less than 0.1 lbm/h for all three
paths when the system is operating in its sliding mode. For afew short time intervals (lessthan 4 sin
duration), lack of control resources causes sliding mode to be destroyed; however, the system error
remains less than 10.0 Ibm/h for these short intervals.
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Figure 21. Flow response in path 1 with external disturbance.
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Figure 22. Flow response in path 2 with external disturbance.
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Figure 23. Flow response in path 3 with external disturbance.

In summary, the TCS sliding mode controllers are shown to be robust to the interaction distur-
bances caused by the set-point changes and to the external disturbance torques applied to the actuator
valves. The next section discusses the results of plant uncertainties within the TCS model.

C. Plant Uncertainties

The category of plant uncertainties within the TCSisthe last of the three operating conditions
discussed. Plant uncertainties are present because of the difficulty in accurately modeling the system
under investigation. That is, model coefficients usually deviate from their actual values due to measure-
ment inaccuracies, imprecise measurement instruments, incorrect measurement procedures, and
measurement constraints, where it istoo costly or impractical to measure a parameter. Since the sliding
mode controllers are designed using a mathematical model, it isimportant to design the controllers
robust to potential plant uncertainties seen in the model of the TCS system. The next three subsections
discuss parameter uncertainties in the pressure source, flow path, and flow actuator, respectively.

1. Pressure Source. The pressure source’ sresistance Rs to flow, defined by equation (37), isan
important parameter used in the determination of the sliding mode controllers designed to achieve set-
point tracking performance. For this simulation, the source resistance parameter is varied by plus and
minus 20 percent to verify the robustness of each path’s sliding mode controller. A change of —20 per-
cent results in no noticeable increases in flow tracking errorsin all three paths over previously presented
plots. A change of +20 percent results in no noticeable increases in flow tracking errorsin paths 1 and 3
over identical simulation runs presented in section VI.B of this report; however, the resulting flow track-
ing error in path 2 increases slightly in two short time intervals as shown in figure 24. Nevertheless, in
the presence of this parameter uncertainty, the resulting set-point tracking performance is very accept-
able.
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Figure 24. Flow response in path 2 with source uncertainty.

2. Flow Path. The flow path inertia L1 in path 1, defined by equation (20), is another important
parameter used in the determination of the sliding mode controllers designed to achieve set-point track-
ing performance. For this ssmulation, the flow path inertiain path 1 is varied by £50 percent to verify the
robustness of the sliding mode controller in path 1. A change of +50 percent results in no noticeable
increases in flow tracking errorsin path 1 over similar runs shown in section VI.A of thisreport. A
change of —50 percent resultsin a short deviation at 28 s as shown in figure 25. In summary, in the pres-
ence of this parameter uncertainty, the resulting set-point tracking performance is very acceptable.
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Figure 25. Flow response in path 2 with flow path uncertainty.
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3. Flow Actuator. The flow control actuator gain K, in path 2, defined by equation (36), isthe
final parameter that is modified to verify the robustness of the sliding mode controllers designed to
achieve set-point tracking performance. For this simulation, the actuator gain in path 2 is varied by 20
percent. A change of +20 percent results in no noticeable increases in flow tracking errorsin path 2 over
similar runs shown in section VI.A of thisreport. A change of —20 percent resultsin slight flow tracking
error increases in two short time intervals as shown in figure 26. Again, in the presence of a parameter
uncertainty, the resulting set-point tracking performance is more than acceptable for this problem.
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Figure 26. Flow responsein path 1 with flow actuator uncertainty.

D. Smoothing Function

The ssimulation results presented thus far in section VI are produced with the implementation of
the discontinuous sliding mode controller shown in equation (140). This section addresses the simulation
results with the implementation of the smoothed sliding mode controller represented by equations (147)
and (148). In general, the tradeoff of using the smoothed sliding mode controller rather than the discon-
tinuous sliding mode controller is the loss of robustness to disturbances and parameter variations and the
loss of tracking precision versus the reduction of output chattering and power usage. An analysis of this
tradeoff is presented in the following.

Thefirst simulation category addressed is that of interaction disturbances. Interaction distur-
bances are caused by internal flow set-point changesin each of the three flow paths. Using the discon-
tinuous sliding mode controller, the simulation results of paths 1, 2, and 3 to defined set-point changes
are shown in figures 12, 13, and 14, respectively. The dotted lines represent the set-point profiles and the
solid lines represent the actual flow tracking responses. From these plots, chattering does not seem pre-
sent in the output responses; however, magnification of the ordinate scale between 0 and 10 s shows that
small amplitude output chattering isindeed present. This chattering is shown in figure 27.

Using the smoothed sliding mode controller, the ssmulation results of paths 1, 2, and 3 to defined
set-point changes seem equivalent to those shown in figures 12, 13, and 14 for the discontinuous sliding
mode controller; however, magnification of the ordinate scale between 0 and 10 s shows that no chatter-
ing is present, as shown in figure 28. Moreover, tracking precision results are not compromised by the
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Figure 27. Flow responsein path 2 with discontinuous controller.

implementation of this smoothed sliding mode controller. The control input signal generated from using
the smoothed sliding mode controller to track the flow in path 2 is shown in figure 29. This smooth
signal is contrasted with the high-frequency switched control input signal for path 2 shown in figure 17;
it is compared with the filtered control input signal for path 2 shown in figure 18. Implementation of the
smoothed sliding mode controller not only smoothes the output response, but also saves control power
without noticeable loss of performance.

303

302 b

301 b

300 b

W2 (Ibm/h)
N
[{e]
o
T
Il

298 1

297 7

296 b

295 Il Il Il Il Il Il Il Il Il
0
TIME (s)

Figure 28. Flow response in path 2 with smoothing controller.
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Figure 29. Smoothing controller input to path 2.

The simulation categories of external disturbances and plant uncertainties are also exercised with
the implementation of the smoothed sliding mode controller. The output tracking results are shown to be
very similar to those results obtained from the discontinuous sliding mode controller presented in the
previous two sections. The only noticeable difference in performance is the reduction of output chatter-
ing and power usage in both simulation categories. The implementation of the smoothed sliding mode
controller maintains robustness to disturbances and parameter variations without 10ss of tracking preci-
sion.

E. Summary

This section presented the results of continuous time simulations of the TCS using both the dis-
continuous and smoothing sliding mode controllers subjected to the three defined operating conditions.
Exercising the three operating conditions confirms the ability of both sliding mode controllersto per-
form decoupled set-point tracking in the presence of simultaneous flow set-point changes, normalized
disturbance torques, parameter variations, as well as inherent nonlinearities of the system. The smooth-
ing sliding mode controller exhibits increased performance in reducing output chattering and power
usage. The next section will discuss the comparison of sliding mode controller performance to that of the
popular proportional -plus-integral-plus-derivative controller.
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VII. COMPARISON RESULTS

This section will compare the simulation results of the TCS dliding mode controller against that
of the TCSflight controller. The TCSflight controller isin the PID family of controllersthat are prob-
ably the most commonly used controllersin feedback control systems. Comparison of sliding mode
control with traditional methods such as PID control amplifies the uniqueness of sliding mode control’s
ability to provide accurate, robust, decoupled tracking for the class of nonlinear time-varying multivari-
able systems in the presence of disturbances and parameter variations.

The TCSflight controller is fine-tuned to provide the best transient and steady-state response of
the system over its full operating range. The design of the flight controller involves linearizing and simu-
lating the system at multiple operating points to verify and fine-tune stability and performance, respect-
fully. Moreover, the controller gains are chosen to operate the controller in alinear fashion. The result-
ing controller, with e;(t) the controller input and u;(t) the output, is defined by the equation

ui(t) = 0058 (t)+10 % a() . (149)

This controller is classified as a PD controller; however, when coupled with the type 1 system plant, this
controller performs asa Pl controller. Thisis shown as

Ui (t) = 100 (t)+0.05 J’; a(n)dr . (150)

This Pl controller has a pole at the origin and a zero at —0.05. Since the pole is nearer to the origin than
isthe zero, the controller is phase-lag and the controller adds a negative angle to the angle criterion of
the root locus. Hence, this controller is used to improve the steady-state response of the system.

A comparison of the TCSflight and sliding mode controllersis performed using the MARSYAS
computer simulation of the TCS. The objective of this comparison isto verify the ability of the con-
trollersto achieve accurate, robust, decoupled flow tracking performance in the presence of interaction
and external disturbances. It is again noted that the flow path dynamics are dynamically coupled through
a common nonlinear pressure source. This sourceis normally controlled in afeedback loop to a constant
10 Ib/inZ; however, for this simulation, the pressure controller is considered poorly designed or operating
in a degraded mode to simulate a worst-case scenario for coupling between the respective flow paths.

For the ssmulation of the system using the sliding mode controller, the smoothing control func-
tion represented by equations (147) and (148) is implemented to smooth-out the response of the system
operating in sliding mode. The first section presents the comparison results from the effect of interaction
disturbances on the two controllers.

A. Interaction Disturbance

The first comparison case for the two controllers involves generating a nominal time-varying
flow profilein path 1 and a constant profile in paths 2 and 3. This simulates an interaction disturbance
within the TCS system. In this case, decoupled performance isindicated by perfect tracking of the flow
profilesin paths 1, 2, and 3.

The flight controller defined in equation (149) is implemented in each of the three flow paths.
Simulation results to defined flow profilesin paths 1, 2, and 3 are shown in figures 30, 31, and 32,
respectively. After which, the sliding mode controller illustrated in figure 11 with the smoothing func-
tion isimplemented in each of the three flow paths. Simulation results to defined flow profilesin paths
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1, 2, and 3 are shown in figures 33, 34, and 35, respectively. The dotted lines represent the defined flow
profiles and the solid lines represent the actual flow tracking responses.
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Figure 30. Flow responsein path 1 for flight controller with interaction disturbance.
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Figure 31. Flow responsein path 2 for flight controller with interaction disturbance.
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Figure 32. Flow response in path 3 for flight controller with interaction disturbance.
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Figure 33. Flow response in path 1 for diding controller with interaction disturbance.
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Figure 34. Flow response in path 2 for diding controller with interaction disturbance.
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Comparing the tracking performance of both controllersin path 1, it is obvious that the tracking
provided by the flight controller shown in figure 30 is not as accurate as that of the sliding mode con-
troller shown in figure 33. It is also obvious from figures 31 and 32 that the flight controller does not
provide accurate decoupled tracking compared with that shown in figures 34 and 35 for the sliding mode
controller. The second section discusses the effect of external disturbances on the two controllers.

B. External Disturbance

The second comparison case involves injecting an external disturbance torque into the TCS
through so-called normalized control forces that are added to the two controller input signals. In reality,
these disturbance torques occur internal to the valve actuators; however, they are normalized and applied
at the control inputs for simulation purposes. This effect is accomplished by adding the signal shownin
figure 20 to the controller input signalsin path 2. This external disturbance torque causes the actual con-
trol signal to deviate 30 percent from the nominal control input signal.

The simulation results using the flight controller to track defined flow profilesin paths 1, 2, and
3 are shown in figures 36, 37, and 38, respectively. The simulation results using the sliding mode con-
troller to track defined flow profilesin paths 1, 2, and 3 are identical to the ones shown in figures 33, 34,
and 35, respectively; hence, these results are not repeated in this section. Asin the last section, the dotted
lines represent the defined flow profiles and the solid lines represent the actual flow tracking responses.

From figures 36, 37, and 38, it is obvious that the flight controller displays very poor perform-
ance in the face of external disturbance torques. The resulting flows deviate as much as 30 percent from
their desired flow profiles. The system pressure shown in figure 39 drops over 60 percent from its nomi-
nal set-point due to the effect of these disturbances. As seen from the flight controller performance, the
strong coupling of the respective paths through the nonlinear pump source is a potential disastrous com-
bination when subjected to disturbance torques of this magnitude.
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Figure 36. Flow responsein path 1 for flight controller with external disturbance.

53



315

310

305

300

N
[{e]
(8]

W2 (Ibm/h)

290

285

280

275 | | |
0 10 20 30 40 50 60

TIME (s)

Figure 37. Flow responsein path 2 for flight controller with external disturbance.
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Figure 38. Flow responsein path 3 for flight controller with external disturbance.
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Figure 39. System pressure drop for flight controller with external disturbance.

From figures 33, 34, 35, it is obvious that the sliding mode controller displays very good per -
formance in the face of external disturbance torques. The resulting flows display perfect decoupled set-
point tracking performance in the presence of the large disturbance torques, time-varying profiles, and

system nonlinearities.

C. Summary

This section presented the results of the sliding mode controller and flight controller, both
applied to the TCS system. It is clear that the sliding mode controller excels at accurate robust decoupled
tracking in the presence of internal and external disturbances compared with that of the PID flight con-
troller. The sliding mode controller achieves this performance over the full operating range of the TCS
and without having to linearize the system at various operating points. This section showed that applica-
tion of dliding mode control techniquesto MIMO nonlinear systems such as the TCS significantly im-

proves the performance of the system over traditional PID controllers.

VIIl. CONCLUSION

This report formulates the TCS control problem and solves the problem using the methods of
sliding mode control. The problem solving process begins with the development of a TCS mathematical
model using first principle laws of continuity of mass and momentum. The resulting model is classified
asanonlinear MIMO system with partially known parameters. The basics of sliding mode control, a
subclass of VSS contral, are reviewed through a phase plane illustration of an unstable second-order
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system. The theory of sliding mode control is presented and applied to a n-dimensional nonlinear MIMO
system. Thistheory is presented in three steps: (1) transformation of the system to the normal form to
obtain the vector relative degree and to analyze the stability of the internal dynamics; (2) synthesis of the
dliding surfaces upon which the output motion is restricted; and (3) development of the control functions
that force the system to move to the diding surface and to maintain the sliding surface for all subsequent
time. Some useful techniques are borrowed from the method of feedback linearization in the presenta-
tion of the sliding mode control theory. The conclusions which are drawn from this work are separated
into two groups: conclusions regarding the performance of sliding mode control, and conclusions regard-
ing the advantages of dliding mode control. These conclusions are summarized in the following.

A. Performance

The most significant conclusion from this work is the determination that sliding mode techniques
provide precise, robust, and decoupled control of set-point flow tracking in the presence of interaction
and external disturbances, parameter variations, and system nonlinearities. Sliding mode techniques
provide this control over the full operating range of the system; moreover, this control is maintained
with the system pump operating in a degraded mode. Excellent ssmulation performance of both the dis-
continuous and smoothing sliding mode controllers are demonstrated for the TCS system. The most
striking demonstration of decoupled control is the ability of the controllers to maintain constant set-point
profilesin two paths while tracking arapidly changing set-point profile in the third path.

B. Advantages

Sliding mode techniques have many distinct advantages over traditional linear and nonlinear
methods for control. Realization of dliding mode control is very simple compared to many methods. For
example, nonlinear methods such as feedback linearization control rely on accurate expensive real-time
cd culations for realizing the control function; whereas, realization of sliding mode techniques only
requires that boundary conditions for such control functions be calculated a priori, not in real time.
Sliding mode techniques are also robust compared to many methods. For example, the calculations
required by feedback linearization, if off even a dlight amount, can excite instabilitiesin the system. The
control function boundary conditions for sliding mode techniques, however, assure system robustness
throughout the operating range of the system.

Linear methods such as the popular PID controller require multiple linearizations, analyses, and
simulations of the system to obtain and verify system robustness and performance. Sliding mode tech-
niques are applied directly to the nonlinear system and robustness and stability are shown without mul -
tiple linearizations of the system. The linear PID controller is limited in its decoupled tracking robust-
ness to external and interaction disturbances because of the slow nature of the integral action of the con-
troller. Sliding mode techniques respond at a very high rate to maintain local performance in diding
mode; hence, maintaining perfect decoupled tracking robustness for the system.
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APPENDI X
TCSMARSYAS Progam

The following isthe MARSY AS program that is used to numerically simulate and analyze the TCS

mathematical and sliding mode controller models.

* global constant definitions $
CONSTANT: Pl =3.14159 %

* conversion constant (Ibm-ft/sec**2-1bf) $
CONSTANT: GC=32174%

* thisisapump map (Ibm/hr versus psi) obtained at “rspeed” rpm. rspeed/pspeed scales-up the flow to
use a“rspeed” rmp map. (pspeed/rspeed)** 2 scales-down the output pressure to a“pspeed”’ rmp map. $

DEFINE: PUMP (FLOW,PSPEED,RSPEED) = ((PSPEED/RSPEED)**2) *
AF(

0.0, 78.50,
250.2, 78.50,
500.5, 78.50,
1001.0, 78.50,
1251.2, 78.25,
1501.5, 78.00,
1751.7, 77.00,
2002.0, 76.00,
2252.2, 74.50,
2502.5, 72.50,
2752.7, 69.50,
3003.0, 66.00,
3253.2, 61.50,
3503.5, 54.00,

3603.6, 50.00 ], FABS(FLOW)* (RSPEED/PSPEED)) $

* main model definition $

* inputs:

* pset - system pressure set-point (psi) $

* pump\ref\speed - 100 pump speed (rpm) $

* wsetl - flow set-point profile for path 1 (Ibm/hr) $
* wset2 - flow set-point profile for path 2 (Ibm/hr) $
* wset3 - flow set-point profile for path 3 (Ibm/hr) $
* outputs: * p - system pressure (psi) $

* w1 - flow response for path 1 (Ibm/hr) $

* val - diding mode control input to path 1 (volts) $
* val\filtered - val filtered (volts) $

* avl - control valve angle for path 1 (degrees) $

* w2 - flow response for path 2 (Ibm/hr) $

* va2 - diding mode control input to path 2 (volts) $
* va2\filtered - va2 filtered (volts) $

* av2 - control valve angle for path 2 (degrees) $

* w3 - flow response for path 3 (Ibm/hr) $

* va3 - diding mode control input to path 3 (volts) $
* vad\filtered - va3 filtered (volts) $

* av3 - control valve angle for path 3 (degrees) $

* w4 - flow response for path 4 (Ibm/hr) $

MODEL: MAIN $

INPUTS: PSET,PUMP\RER\SPEED,WSETI,WSET2WSET3 $
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OUTPUTS. P $

OUTPUTS: WSET1,W1,VA1VAL\FILTERED,AV1$
OUTPUTS: WSET2,W2,VA2VA2\FILTERED,AV2 $
OUTPUTS: WSET3,W3,VA3VA3\FILTERED,AV3 $
OUIPUTS: W4 $

* source model definition $

* inputs: $

* w# - flow responsesin paths (Ibm/hr) $

* pump\ref\speed - 100 pump speed (rpm) $

* pset - system pressure set-point (psi) $

* outputs; $

ws - source flow response (Ibm/hr) $

* p - system pressure drop (psi) $

* ps - high pressure of the source pump (psi) $
* h5 - variable for calculating umax $
SUBMODEL: SOURCE;

INPUTS: W1,W2W3,W4,PUMP\RERSPEED,PSET;
OUTPUTS: WS,P,P5,H5 $

* flow path submodels $

* inputs. *

p - syslem pressure (psi) $

* vait - control valve inputs (volts) $

* outputs $

* w# - response of the flow in path # (Ibm/hr) $
* av# - angle of valve in path # (degrees) $
SUBMODEL: LEG],

IPUTS: PVAL,

OUTPUTS: W1,AV1$

SUBMODEL: LEGZ;
INPUTS: PVAZ;
OUTPUTS: W2,AV2 $

SUBMODEL: LEG3;
INPUTS: PVAS;
OUTPUTS: W3,AV3$

SUBMODEL: STATIC;
INPUTS: P;
OUTPUTS: W4 $

* dliding mode controller submodels $

* inputs: $

* w# - response of flow in path # (Ibm/hr) $

* wset# - flow set-point profile in path # (Ibm/hr) $
* outputs: $

* vait - valve command in path # (volts) $

* vati\filtered - filtered vad (volts) $

SUBMODEL: LEGI\CONT;

INPUTS: W1,WSET],

OUTPUTS: VALVALFILTERED $
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SUBMODEL: LEG2\CONT;
INPUTS: W2,WSET?2;
OUTPUTS: VA2VA2\FILTERED $

SUBMODEL: LEG3\CONT;
INPUTS: W3,WSET3;
OUTPUTS: VA3 VA3\FILTERED $

* existence condition submodels $

* f## - variables to calculate umax $

* h5 - variable to calculate umax $

SUBMODEL: EXIST1;

INPUTS;, W1,AV1WSET1,WSW2W3WA4,H5,F11,F21,F12,F13,F14;
OUIPUTS: UEQ1,WV1$

SUBMODEL EXISTZ;
INPUTS: W2,AV2WSET2,WSW1,W3W4,H5,F12,F22,F11,F13,F14;
OUTPUTS: UEQ2,WV2 $

SUBMODEL: EXIST3;

INPUTS: W3,AV3WSET3,WSW1,W2W4,H5,F13,F23,F11,F12,F14,
OUTPUTS: UEQ3WV3$

END $

* path 1 flow submodel $

MODEL: LEG1 $

INPUTS: PVA $

OUTPUTS. W,AV $

* flow response equation (Ibm/hr) $

EQUATION: W' = 1/L * (-(ALPHA*EXP(-BETA*AV)+DELTA)*W**2 - K*W**2 + P) $

* valve angle response equation (degree) $
AV =WV $

* valve speed response equation (deg/sec) $
WV’ = UTAU * (KV*VA - WV) $

* flow resistance constant (Ibf-hr**2/lbm-in**2) $
:K=357E-5%

* valve speed time constant (secs) $
:TAU=0.01%

* flow inertance (hr-sec-1bf/Ibm-in**2) $
: L = 15.0/(3600* 144* GC* PI* (0.5/24)** 2)$

* valve resistance coefficient (Ibf-hr**2/lbm**2-in**2) $
:ALPHA =0.129 %

* valve resistance coefficient (Ibf-hr**2/lbm**2-in**2) $
: BETA-0.1695 $

* valve resistance coefficient (1/deg) $
:DELTA=114E-5%

* conversion constant b;tween volts and degrees (deg/sec-volt) $
:KV=1.0

END $

* path 2 flow submodel $
MODEL: LEG2 $
INPUTS: PVA $
OUTPUTS. W,AV $
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* flow response equation (Ilbm/hr) $
EQUATION : W' = 1/L * (-(ALPHA*EXP(-BETA*AV)+DELTA)*W**2 - K*W**2 + P) $
* valve angle response equation (degree) $
AV =WV$
* valve speed response equation (deg/sec) $
CWV' = I/TAU * (KV*VA-WV) $
* flow resistance constant (Ibf-hr**2/lbm-in**2) $
:K=357E-5%
$ valve speed time constant (secs) $
TAU=0.01%
* flow inertance (hr-sec-lbf/Ibm-in**2) $
: L = 15.0/(3600* 144* GC* PI* (0.5/24)** 2)$
* valve resistance coefficient (Ibf-hr**2/lbm** 2-in**2) $
:ALPHA =0.129 %
* valve resistance coefficient (Ibf-hr**2/lbm** 2-in**2) $
: BETA =0.1695 $
* valve resistance coefficient (1/deg) $
:DELTA =1.14E-5%
* conversion constant between volts and degrees (deg/sec-volt) $
:KV=10%
END $

* path 3 flow submodel $

MODEL: LEG3 $

INPUTS: PVA $

OUTPUTS. W,AV $

* flow response equation (Ilbm/hr) $

EQUATION: W' = /L * (-(ALPHA*EXP(-BETA*AV)+DELTA)*W**2 - K*W**2 + P) $

* valve angle response equation (degree) $
AV’ -WV$

* valve speed response equation (deg/sec) $
SWV' = I/TAU * (KV*VA-WV) $

* flow resistance constant (Ibf-hr**2/lbm-in**2) $
:K=357E-5%

* valve speed time constant (secs) $
:TAU=001%

* flow inertance (hr-sec-lbf/Ibm-in**2) $
: L = 15.0/(3600* 144* GC* PI* (0.5/24)** 2)$

* valve resistance coefficient (Ibf-hr**2/lbm** 2-in**2) $
:ALPHA =0.129 %

* valve resistance coefficient (Ibf-hr** 2/lbm**2-in**2) $
: BETA =0.1695 $

* valve resistance coefficient (1/deg) $
: DELTA=1.14E-5%

* conversion constant between volts and degrees (deg/sec-volt) $
KV=10$%

END $

* path 4 flow submodel $

MODEL: STATIC $

IPUTS: P$

OUTPUTS: W $

* flow response equation (Ilbm/hr) $

EQUATION: W' = 1/L * (-(ALPHA*EXP(-BETA*AV)+DELTA)*W**2 - K*W**2 + P) $
* valve resistance coefficient (Ibf-hr**2/lbm** 2-in**2) $
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:ALPHA =0.129 3%

* valve resistance coefficient (Ibf-hr**2/lbm** 2-in**2) $
: BETA =0.1695 $

* valve resistance coefficient (1/deg) $
:DELTA =1.14E-5%

* flow resistance constant (Ibf-hr**2/lbm-in**2) $
:K=357E-5%

* flow inertance (hr-sec-lbf/Ibm-in**2) $
: L =7.03E-4%

* fixed (static) angle of valve (degrees) $
AV =370%

END $

* source submodel $
MODEL SOURCE $
INPUTS: W1,W2,W3W4,PUMP\REF \SPEED,PSET $
OUTPUTS: WS,P,PSH5 $
MATRICES: XC[2,1], A[1,2], F[2,2], G[2,3], H[3,1], Z[I,I]$
* system pressure equation (psi) $
EQUATION: P =2/C* (WS-WI -W2-W3-W4) $
* system flow equation (Ibm/hr) $
WS =I/LS* (RS*WS+PS-P) $
* high pressure side of the pump equation (psi) $
- PS = (PUMP(WS,PUMP\SPEED* 60/(2* PI),PUMP\RER\SPEED)) $
* source resistance (Ibf-hr** 2/lbm-in**2) $
:RS=1.0E-5*WS $
* source inertance (hr-sec-1bf/Ibm-in**2) $
- LS=1.129230E-03 $
* source capacitance (Ibf-hr/lbm-in**2-sec) $
:C=0.13%
* existence variable $
"H5=1/LS* (-RS*WS+PS-P) $
* speed of pump equation (rads/sec) $
: PUMP\SPEED’ = I/IML*(KT*IA-KI* PUMP\SPEED**2) $
* motor current $

(1A = ULM* (-RM*1A-KE* PUMP\SPEED-K 2* (P-PSET)-K 3* SPEED\FBK + Z[1,1]) $

* gpeed feedback from pump sensor (rads/sec) $
: SPEED\FBK’ = YTAUF*(PUMP\SPEED-SPEED\FBK) $
* pump and pressure controller vector $
:XC' =F*XC+G*H $
* source constants and matrices $
:Z=A*XC$
:KT=0.33123%
:JML =3.125E-5 %
:LM =0.0012 $
: KE=0.0418 $
:RM =0.618%
: K2=0.00213 $
: TAUF =0.00796 $
:KI =5.07E-7 $
:K3=0.021%
:A=MAT(1,2,.0213, 400) $
:F=MAT(2,2,0,0,4.3E4,0) $
:G=MAT(23,0,-.1, .1, 4.3E-4, 4.3E-5, 4.3E-5) $
: H=MAT(3,1,SPEED\FBK, P, PSET) $
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END $

* dliding mode controller for path 1 $
MODEL: LEGI\CONT $
INPUTS: WWSET $
OUTPUTS: VA VAVFILTERED $
* dliding surface coefficients $
EQUATION :C1=225.0%
:C2=210%
* diding surface equation $
: SIGMA = (EDD + C2*ED + CI*E)/100 $
:VA =5.01F (SIGMA.GE.EPS) ELSE
-5.0 IF (SIGMA.LE.-EPS) ELSE
(5/EPS)*SIGMA $
* boundary condition $
:EPS=10%
* flow error (Ibm/hr) $
:E=WSET-W$
* first derivative of error (Ibm/hr/sec) $
' ED’ = (E-ED)/.I $
* second derivative of error (Ibm/hr/sec**2)$
: EDD’ = (ED - EDD)/.| $
* filtered control input (volts) $
s : VAFILTERED'’ = (VA - VA\FILTERED)/0.2 $
END

* dliding mode controller for path 2 $
MODEL: LEG2\CONT $
INPUTS: WWSET $
OUTPUTS: VA VAVFILTERED $
* dliding surface coefficients $
EQUATION :C1=225.0%
:C2=210%
* diding surface equation $
: SSIGMA = (EDD + C2*ED + C1*E)/100 $
:VA =5.01F (SIGMA.GE.EPS) ELSE
-5.0 IF (SIGMA.LE.-EPS) ELSE
(5/EPS)*SIGMA $
* boundary condition $
:EPS=10%
* flow error (Ibm/hr) $
:E=WSET - W$
* first derivative of error (Ibm/hr/sec) $
ED’ =(E-ED)/.1$
* second derivative of error (Ibm/hr/sec**2)$
: EDD’ = (ED - EDD)/.1 $
* filtered control input (volts) $
s : VAFILTERED'’ = (VA- VA\FILTERED)/0.2 $
END

* dliding mode controller for path 3 $
MODEL: LEG3\CONT $

INPUTS: W,WSET $

OUTPUTS: VAVA\FILTERED $
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* dliding surface coefficients $
EQUATION :C1=225.0%
:C2=21.0%
* diding surface equation $
: SIGMA = (EDD + C2*ED + C1*E)/I00 $
:VA =5.01F (SIGMA.GE.EPS) ELSE
-5.0 IF (S\IGMA.LE.-EPS) ELSE
(5/EPS)*SIGMA $
* boundary condition $
: EPS=1.0$
* flow error (Ibm/hr) $
:E=WSET-W$
* first derivative of error (Ibm/hr/sec) $
ED’ =(E-ED)/.1$
* second derivative of error (Ibm/hr/sec**2)$
: EDD’ = (ED - EDD)/.1 $
* filtered control input (volts) $
s : VAFILTERED'’ = (VA- VA\FILTERED)/0.2 $
END

* existence condition submodel $
MODEL: EXIST $
INPUTS: W1,AV1WV1VA1K1TAU,L1ALPHA,BETA,DELTAKV,C1,C2WSET1,PW2 W3,
WA4,WT H5H6,H7,H8 $
OUTPUTS: U,SIGMA,SIGMAD,E,ED,EDD,EDDD $
* calculation of error and its derivatives $
EQUATION: E=WSET1-W1$
"ED=WSETID-VL1*F1$%
: EDD =WSET1DD - 1/L1* DF1 $
: EDDD = WSET1DDD - /L1 * DDF1 $
* calculation of the set-point profile derivatives $
:WSET1D =0IF TIME.LE.5 ELSE
-32.86 IF TIME.LE.12 ELSE
OIF TIME.LE.30 ELSE
125 IF TIME.LE.50 ELSE
0
:WSET1DD=0%
:WSET1DDD=0$%
* calculation of existence variables $
F1=F3*W1**2+P$
: F3=-((ALPHA*EXP(-BETA*AV1)+DELTA)+K1) $
: DF1 = G1+G2+G3 $
: G1=ALPHA*BETA*WV 1*(W1**2)*EXP(-BETA*AV1) $
:G2=2/L1* WI*F1I*F3 $
: G3=2/CEQ™* (WT-(W1+W2+W3+W4)) $
: DDF1 = H1+H2+H3+H4+2/CEQ* (HS-H6-H7-H8) $
: H1 = -ALPHA*(BETA**2)* (WV1**2)* (W1**2)*EXP(-BETA*AV 1)+ 2/L1*
(F3*(W1**3)+F1*W1)* ALPHA*BETA*WV 1 *EXP(-BETA*AV1) $
s H2 = 2/L1*ALPHA*BETA*WV 1*W1* F1*EXP(-BETA*AV 1) + F1/(L1**2)*
(4*(WLF*2)* (F3**2)+2*F1*F3) - 2*F1/(L1*CEQ) $
: H3 = 4/(L1* CEQ)* F3* W1* (WT-(W1+W2+W3+W4)) $
. H4 = ALPHA*BETA* (W1**2)*(EXP(-BETA*AV1))* (UTAU*(KV*VA1- WV1)) $
* calculation of sgmaand sigmadot $
- SIGMA = EDD + C2*ED + C1*E $
: SIGMAD = EDDD + C2*EDD + C1*ED $
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* calculation of umax $
- U = ((WSET1DDD+1/L 1* (H1+H2+H3+2/CEQ* (H5-H6-H7-H8)+AL PHA
*BETA/TAU*WV 1* (W1**2)* EXP(-BETA* AV 1))-C2* EDD-C1*ED)/
(L/(TAU*L1)* ALPHA*BETA*KV*(W1**2)* EXP(-BETA*AV1)) $
* system capacitance $
"CEQ=0.1%
END $

* simulation submodel $
SIMULATE: MAIN $
* excite pump reference speed (rpm) $
EXCITE: PUMP\RER\SPEED = 18900.0 $
* excite of the input set-point profiles $
EXCITE: WSET1 = AF([0,260,5,260,12,30,30,30,50,380,60.1,380], TIME) $
: WSET2 - AF(]0,2.987103E+02,10,2.987103E+02,17,400,25,400,33,50,45,50,52,250,
60.1,250], TIME) $
: WSET3 - AF([0,260,7,260,15,350,35,350,45,30,50,30,55,100,60.1,100], TIME) $
* excite of the pressure set-point $
:PSET=1003%
* excite of the disturbance torque $
: TD = AF([0,0.0,
2,0.0,
10,15,
12,15,
20,1.2,
23,1.2,
30,0.2,
32,0.2,
38,1.4,
40,1.4,
48,-1.0,
52,-1.0,
58,0.0, 60.1,0.0], TIME) $
* initidize integrators for states $
INITIALIZE: SOURCE,
P = 1.000002E+01,
WS = 1.004140E+03,
PUMP\SPEED = 1.016179E+03,
A =1.580731E+00,
SPEED\FBK = 1.016179E+03,
XC=MAT (2, 1,1.016179E+03, 1.078708E-01) $
: LEGI,
W = 2.600000E+02,
AV =4.220731E+01,
WV=0.0$
: LEGI\CONT,
ED =0.0,
EDD = 0.0,
VA\FILTERED =0.0$
: LEG2,
W = 2.987103E+02,
AV = 4.479999E+01,
WV =003%
: LEG2\CONT,
ED =0.0,



EDD = 0.0,

VA\FILTERED =0.0$

: LEGS,

W = 2.600000E+02,

AV =4.220731E+01,

WV =00$%

: LEG3\CONT,

ED = 0.0,

EDD = 0.0,

VA\FILTERED =0.0$

: STATIC,

W = 1.854298E+02 $
* integrate using runge-kutta 4th order $
INTEGRATE: RK4,TIMESTEP,0.001 $
STOPIF: TIME.GE.60.0 $
SAMPLE: STEP,100 $
PLOT$§ LINEAR(0,1000,100),\OUTPUTS\ $
END
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