Flatness-based control in successive loops for gas-compressors
actuated by IMs and PMSMs

Gerasimos Rigatos!, Pierluigi Siano?, B. Sari®, M. AL-Numay*, Masoud Abbaszadeh®, and
G. Cuccurullo?

Tnstitouto Biomechanikon Systematon

2Universita degli Studi di Salerno

3Universite Ferhat Abbas Setif 1

“King Saud University

*Rensselaer Polytech Institute School of Engineering

August 26, 2024

Abstract

The article proposes a novel solution to the control problem of centrifugal gas compressors which are driven by three-phase
induction motors (IMs) and three-phase permanent magnet synchronous motors (PMSMs), through a novel flatness-based
control scheme which is implemented in successive loops. By re-arranging state variables and by splitting suitably the state
vector of the IM-driven gas-compressor and of the PMSM-driven gas compressor into subsystems one arrives at writing the
associated state-space models in the triangular (strict feedback) form. For the latter state-space description it is possible to
solve the control and stabilization problem using chained control loops. The state-space model of the IM-driven gas-compressor
and of the PMSM-driven gas-compressor is decomposed into cascading subsystems which satisfy differential flatness properties.
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and of the PMSM-actuated gas compressor are computed from the last subsystem of the chained state-space description. These
control inputs incorporate in a recursive manner all virtual control inputs which were computed from the individual subsystems
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1 Introduction

Flatness-based control has been one of the main research directions on nonlinear control systems during
the last years [1-2]. The method allows for ensuring controllability and designing stabilizing feedback con-
trollers for complex nonlinear dynamical systems [3-5]. A system is considered to be differentially flat if the
following two conditions hold: (i) all its state variables and its control inputs can be written as differential
functions of a subset of its state variables which define the flat outputs of the system (ii) the flat outputs
of the system are differentially independent, which means that they are not connected through a relation
in the form of an homogeneous differential equation [6-9]. The proof of differential flatness-properties for a
system signifies that through successive differentiations of its flat outputs and a change of state variables
the system can be transformed into the input-output linearized form [10-13]. Equivalently differentially flat
systems can be written into the canonical Brunovsky form [14-18]. The latter description of the system’s
state-space model is both controllable and observable and this enables the design of a stabilizing feedback
controller with the use of the eigenvalues assignment technique as well as the design of a convergent state
estimator, for instance in the form of the Kalman Filter [19-22]. However, to compute the control inputs
that should be applied on the initial nonlinear state-space model of the system one should perform inverse
transformations, without excluding the appearance of singularities. To avoid such a case and to design a
stabilizing feedback controller based on the differential flatness properties of the system, but without the
need for changes of state variables, successive differentiations of the flat outputs and state-space model
transformations, the present article introduces the concept of flatness-based control in successive loops
[23-26].

In the flatness-based control approach in successive loops, the initial nonlinear state-space model of the
system is written in the form of a chain of subsystems, where for each one of them it is shown that differ-
ential flatness properties hold [23-26]. The state vector of the (i-th) subsystem becomes also a flat outputs
vector about it while the state vector of the (i+1)-th subsystem forms a virtual control inputs vector for
the i-th subsystem. The proof of differential flatness properties for these subsystems signifies that each
one of them can be written in the input-output linearized form and that a stabilizing feedback controller
can be designed for each one of them by inverting its dynamics. In this concept, the virtual control inputs
vector that stabilizes the (i-th) subsystem should be also a setpoints vector for the (i+1)-th subsystem.
Finally, the N-th (last) subsystem in this chain of state-space models contains the real control inputs.
The inversion of its dynamics gives the stabilizing feedback controller for the initial nonlinear state-space
model. The control signal which achieves stabilization for the initial extended nonlinear state-space model
uses recursively the virtual control inputs of the preceding N — 1 subsystems, by tracing these subsystems
backwards that is from the (N-1)-th subsystem to the 1st one. The global stability of the flatness-based
control method in successive loops is proven analytically by showing the asymptotic elimination of the
tracking error of each one of the subsystems that constitute the integrated system’s dynamics. A global
stability proof can be also obtained using Lyapunov analysis [27-29].

In the present article, the flatness-based control method in successive loops is tested in two nonlinear indus-
trial systems: (i) centrifugal gas compressors driven by induction motors (ii) centrifugal gas compressors
driven by permanent magnet synchronous motors. Gas compressors are of paramount importance for nat-
ural gas processing stations and have progressively become the backbone of the gas distribution network
[30-32]. They perform liquidisation of natural gas thus facilitating its storage and transport [33-34]. Be-
sides, they enable the transfer of natural gas through pipelines under agreed pressure specifications [35-36].
The growing interest in the optimized functioning of gas distribution networks and gas terminals has mo-
tivated much related research during the last years. Recent advancements on optimization techniques for
the gas distribution network are given in [37-40]. Recent advancements in the control of gas compressors
and pressure levels in the gas network are outlined in [41-43].

Natural gas compressors exhibit multivariable and nonlinear dynamics [44-46]. If inefficiently controlled



gas compressors may exhibit surge, which is associated with unsteady mass flow through the compressor
and sustained oscillations that may finally damage the compressor’s blades [47- 49]. To treat the compli-
cated nonlinear and multi-variable dynamics of gas compressors elaborated nonlinear control algorithms
have been proposed [50-52]. Fault tolerance, precision and robustness are prerequisites for the actuation
systems of gas compressors. [53-55]. One can distinguish for instance several results on NMPC (nonlinear
model predictive control), as well as on MPC which is applied to linearized models of the compressors
[56-57]. Besides, one can note results on the use of global linearization-based control and state estimation-
based control [58-60]. Additionally one can find results based on linearization around multiple equilibria
and subsequent use of LMI techniques [61-62]. Usually the opening or closure of the compressor’s inlet,
outlet and retrofitting valves function as control inputs [63-65]. Moreover, when the compressor receives
actuation from an electric motor, the motor’s torque becomes also a control input that determines signifi-
cantly the stability properties and the optimal function of the compressor [66-68].

Several types of electric motors have been considered as actuators of centrifugal gas-compressors, and these
are mainly synchronous three-phase motors, asynchronous (induction) motors and multi-phase motors [69-
72]. To stabilize the functioning of the compressor and to make its input and output pressure as well as its
mass flow reach the targeted setpoints, elaborated nonlinear control methods have been proposed [73- 75].
The control problem of distributed gas-compressors is primarily found in gas-processing stations where the
aim is to mix volumes of gas, arriving through different gas-transmission pipelines under different mass rate
and pressure characteristics [76-79]. Different configurations of gas-compressors, being connected serially
or in parallel, can result into gas processing units of nonlinear, complicated and high-dimensional state-
space models [80- 83]. The development of nonlinear control and optimization methods that can assure
the reliable functioning of such gas-processing stations is obviously a non-trivial task [84-86]. Similar are
the control problems in the case of electrically-driven air compressors and this is another industrial domain
where the article’s results potentially can be used [87 -90].

The present article considers models of gas-compressors with electric actuation coming from either three-
phase induction (asynchronous) motors or from three-phase permanent magnet synchronous motors. The
global stability properties of the flatness-based control method in successive loops is analytically proven and
experimentally confirmed through simulation tests. The structure of the article is as follows: In Section 2
the dynamic model of the induction motor-driven gas-compressor is analyzed. In Section 3 a flatness-based
controller in successive loops is designed for the gas compressor with actuation from an induction motor.
In Section 4 the dynamic model of the PMSM-driven gas compressor is analyzed. The global stability
properties of the associated control loop are proven. In Section 5 a flatness-based controller in successive
loops is developed for the dynamic model of the gas compressor with actuation from a PM synchronous
motor. The global stability properties of the associated control loop are proven. In Section 6 simulation
experiments are performed to test the performance of (i) flatness-based control in successive loops for the
dynamic model of the induction motor-driven gas compressor, (ii) flatness-based control in successive loops
for the dynamic model of the PMSM-driven gas-compressor. Finally, in Section 7 concluding remarks are
stated.

2 Dynamic model of the induction motor-driven gas-compressor

2.1 Dynamics of the IM-driven gas compressor

The diagram of the integrated system which includes a gas compressor that is actuated by an Induction
Motor is given in Fig. 1. Two tanks are considered of volumes V; and V, respectively. These represent the
plenum before and after compression. The inlet tank stores uncompressed gas arriving to it through the
inlet valve. The outlet tank stores compressed gas arriving to it through the outlet valve. The pressure of
the inlet valve is denoted as p;. The pressure of the outlet valve is denoted as p,. The mass flow through



the compressor is denoted as m. The mass flow is dependant on the tank volumes and gas velocities,

as well as on inlet and outlet ta

nk conditions, denoted as a; and a, respectively. The compressor’s turn

speed, which is also the motor’s turn speed is denoted as w. The compressor’s torque is denoted as 7.. The

motor’s torque is denoted as 74

and is a control input for the compressor. The moment of inertia of the

turning part of the compressor is denoted as J [32], [66-68], [91].

e

m,

—_

— P

Recycle Valve

Compressor m,
m _—
—_—

— e

Inlet Valve ;/

Inlet Tank

;/ Outlet Valve

QOutlet Tank

Induction Motor

Figure 1: Diagram of the integrated system that includes a gas compressor being actuated by an Induction

Motor

The mass flow through the recycle valve is described by a first-order differential equation with a time

constant which is denoted as T,

. The steady-state recycle mass flow is denoted as m, . The compres-

sor’s characteristics which define the mass flow rate through it are denoted by function 7(m,w). The
compressor’s torque 7, is given by function 7.(m,w) which signifies that the torque which is developed by
the compressor depends on its turn speed and on the mass flow rate through it.In aggregate, the dynamic
model of the compressor is given by the following equations [32]:

2

pi = - [milps) — m +m,) (1)
Bo = [~ 1o(po) +m —m,] (2)
i = L[m(w, m)p; — pol 3)
= g — Te(w,m) — vl (4)



My = :/1 [ 55 (Pi, Do, K) — 4] (5)

where v is a mechanical friction coefficient. Besides, about the inlet, outlet and reverse mass flow in the
gas compressor it holds that [32]

m; (pl) - Ki\/ Patm — Pi (6)
my (po) = Ko VPo — Patm (7)

mr,ss(piamer) - KT\/pQ —P1 (8)
where K; is the inlet valve constant which is used as a control input, K, is the outlet valve constant, pgtm
is the atmospheric pressure and K, is the recycle valve constant which also serves as a control input. The
three valves’ constants depend on each valve’s throttle position. Non-return values ensure also that mass
flow rates m;, m, and m,. cannot change direction.

By substituting Eq. (6), Eq. (7) and Eq. (8) into Eq. (1) to Eq. (5) one obtains [32]
2
pi = %[Ki\/patm —Pi _m+mr] (9)

2
Do = ?/_Z[_Ko\/po _patm+m_mr] (10)

m= %[w(w,m)pi — Do) (11)
W= Lrg — 1e(m,w) — vw] (12)
my, = TLT[KT\/po —Pi — Ki\/patm _piJ (13)

By defining the state vector x = |11, 22, 23, 74, ¥5]7 = [pi, po, m,w, m,]T and the control inputs vector K;,
K., 74 the dynamic model of the compressor is written as

B

i1 = 3 [Kiy/Patm — 21 — 23 + 5] (14)

<

a2
.’il'g = VZ[_KOV T2 — Patm + xr3 — 1'5] (15)
Lil'3 = %[W(lg, $4)$1 — LL‘Q] (16)

iy = L[rg — Te(ws, w4) — V4] (17)

5 = 2 [Ko/T2 =31 — Kir/Pam — 1] (18)

Under the assumption of field orientation, the magnetic field of the induction motor rotates asynchronously
at a rate which is defined by the first-order time-derivative of the field-orientation angle [3], [1-5]

p:tan’l(%) (19)

T
ra



In the dq asynchronously rotating reference frame only the d-axis constituent of the magnetic flux remains
while the g-axis constituent of the magnetic flux vanishes, that in ¢ = ¢,q and ¢, = 0. In the new
coordinates frame the induction motor model is written as: [3], [1-5]

0=w (20)
i . T, Ty
w = j?/)rdlsq — 7 — 7 (21)
tra = —0prg + aMigg (22)
. , . aMiy® 1
lsd = —Vlsq T O‘ﬁwrd + NpWisg + Trd + oL, VUsq (23)
. . ) CYMl'S isd 1
lsq = —Visqg — Brpwibrg — NpWisqg — qu U—LSqu (24)
M,
p=npw + (25)
Yrq

In Eq. (21) Ty is the load torque and in the case of the compressor T, = 7.(m,w), while T} is the
torque due to mechanical friction with T = vw. M denotes mutual inductance, and n, is the number
of poles. Parameters o, v, 4, a and § are associated with the coefficients of the electric circuit of the
stator and the rotor (resistance, inductance, mutual inductance and number of poles) [1-5], [91]. Next, the
following state variables are defined: x = [zg, 27, xs, :vg]T = [Vrd, Psds Tsq, p]T while the control inputs vector
is 4 = [vs4,Vsq)T. Thus, in the dynamic model of the induction motor the driving torque is rewritten as

Td = HT6Ts (26)

while about the dynamics of the electric part of the induction motor one has

T = —axg + aMxy (27)
. ang 1
Ty = —yx7 + affze + NpTaT8 + + Vsq (28)
Te O'LS
. aMzgxy 1
&g = —yxs — BnpTate — NpTaly — Tﬁg U—stsq (29)
. aMzx
T9 = npxa + 8 (30)

Te
2.2 State-space model of the electrically actuated gas compressor

The state vector of the integrated gas compression system which consists of a centrifugal gas-compressor
and a three-phase induction motor is given by:

@ = [21, 22, 23,24, %5, T6, 7, Ts, T9] | = (31)
1= [Pi, Py m,w, My, Yryy s,y s, p|T
294 0 sy Wy Tlbry Wrgy bsgs 5q7p

The dynamic model of the induction motor-driven has the following state-space description



2 a?
i %(—Ig +x5) vV, VPatm — %1 0 0 0
. a? 0 0 0 0
I3 7 [~ Kov/T2 = patm + x3 — 23] 0 0 O
3 Fr(zs, xa)21 — 2] 0 0 0 0 y
4 Lpzgrs — Te(xs, T4) — v 1
is | = ! 0 N 0 0 0 0 |[u
Te —axe + aMxy —7-VPatm — T1 TL\/Iz -z 0 0 U3
3 aMz? 0 0 0 0 Uyq
o7 —yx7 + aBre + npTaTes + = 0 0 ) 0
s —yx6 — BnpTaxe — nprawy — LESL 0 0 055 1
L9 aMzg 6 oLs
NpTyq + e 0 0 0 0
(32)

First, the rows of the state-space model are reorganized as follows:

G.2
= B Ko/T2 P + 5 — 5] 39)

i3 = F[m(xs, z4)T1 — 2] (34)

iy = Luwers — To(w3, 24) — V4] (35)
T = —axe +aMxy (36)

B1 = % (w3 + 5) + %/ — T1U1 (37)

T5 = —T%\/patm —T1u1 + %\/1172 — T1Uz (38)

aA4I§
Te

d7 = —yrr + afae + npraze + + Srous (39)

. aMaxgx 1
iy = —YT6 — fnpTaTe — NpTax7 — LB + —1uy (40)

The integrated system can be also written in the concise nonlinear affine-in-the-input state-space form

i = f(2) + g(a)u (41)
where ze R9*1 f(z)eR%*1, g(x)e R%** and ue R**!.
Next, the state variable of the electrically actuated system are re-defined as follows: z; = z9, 22 = x3,

Z3 = X4, 24 = Tg, 25 = T1, 26 = Ty, 27 = x7 and zg = xg. By substituting state variables x; by state
variables z; one obtains

2
Z = aV_Z[_Ko\/Zl — Patm + 22 — %] (42)

2’2 = %[F(Zg, 2’3)2’5 - 21] (43)
Z3 = %[,UZ428 - TC(ZZa 23) - UZS] (4'4)
24 = —az4 +aMzy (45)



2 2
5 = v+ (=22 + 26) + T VPatm — 251 (46)
Zg = —T%\/patm — Z5u1 + T%\/Zl — Z5U2 (47)

2
b= =727 + aBza + npzaza + T2+ -ug (48)

: aMzgz 1
28 = —YZ4 — ﬁnp2324 — Npz327 — % + G’_LSU4 (49)

Thus, the state-space model of the induction motor-driven gas compressor takes the following form:

5 % [~ Kov/Z0 = Patm + 22 — 2] 0 0 0 0
2o zlm(z2, 23)25 — 21] 0 0 0 0
is Llnzazs — 7e(22, 23) — v23] 0 0 0 0 w1
al —;124+aMZ7 N . 0 0 0 0 Us
s | %(—22 + 26) %m 0 0 0 us
Z6 0 —T%\/patm — 25 T%\/ z1—2z5 0 0 Uy
z1 —v27 + affzs + npz3za + # 0 0 gis 0
= —Yz4 — 5”;)2324 — NpZ327 — %Zf” 0 0 0 %
(50)
Next, subsystem %; is defined with the following subvectors and submatrices: 214 = [21, 22,23, 24]7,
J1,4(21,4) and g1 4(21,4)
2 2
%Z[—Km/zll— Patm + 22] ) 0 - 0 0
_ —+21 _ | #lm(22,23) O 0 0
Jua= %[—TC(ZQ,LZ:;) — vz3] gra=|*t 0 0 0 %[ua (51)
—az4 +aMz7 0 0 aM 0

Moreover, subsystem Yo is defined with the following subvectors and submatrices: z5s = [25, 26, 27, z7]T

f5,8(21,4, 25,8) and gs5.8(21,4,25,8)

)

a? 2
7:.(—22 + 26) %«/patm — 25 0 0 0
1 1
_ 0 _ | = 7. VPatm — 25 T.VR1 —Z5 0 0
f5;8 - a]Wzg 95,8 = " " 1
—vzr + afzy + npz3za + - 0 0 51T 0
aMzgz 1
=24 — Prpagzy — npagar — 0 0 0 I

(52)
Thus, the dynamic model of the induction motor-driven gas-compressor can be now written in the form of
the two chained subsystems Y1 and Yo

214 = fla(z1.4) T 91,4(214)258 (53)

%58 = [5,8(21,4,258) + g5,8(21,4)25,8U (54)



2.3 Differential flatness of the IM-driven gas compressor

It can be proven that the state-space model of the IM-driven gas compressor which consists of the cascading
subsystems of Eq. (53) and Eq. (54) is differentially flat, with flat outputs vector y1 = 21 4. From Eq.(53)
one solves for subvector z5 g which gives

258 = g1,4(21,4) " HE1a — fr.a(z14)]=258 = ha(21,4, 1,4) (55)

which signifies that 25 g is a differential function of the flat outputs vector of the system. Moreover, from
Eq. (54) one solves for the control input w. This gives

u=gs5s(21,4,258) 25,8 — [5.8(21,4, 25,8)|=u = hy(21,4, 21,4) (56)

which signifies that u is a differential function of the flat outputs vector of the system. This comes to
confirm that the integrated gas-compression system is differentially flat.

3 Flatness-based controller in successive loops for the IM-driven gas-compressor

It will be proven that each one of the subsystems ¥; and X3 of Eq. (53) and Eq. (54) which constitute
the dynamics of the induction motor-driven gas compressor is a differentially flat subsystem. Indeed in the
subsystem of Eq. (53) the flat output is taken to be y; = 214 and the virtual control input is v; = z5 s.
Then, solving Eq. (53) for the virtual control input v; one has

v1 = g1,4(z1,4) M Era — f1,4(21,4)] (57)

which signifies that v; is a differential function of the flat output y;. Consequently, Eq. (53) represents a
differentially flat subsystem. Next, in the subsystem of Eq. (54) the flat output is taken to be y2 = z5 s,
and z; 4 is considered to be a coefficients vector and w is the real control input. Solving for u gives

u=gss8(21,4,258) 214 — fs8(21.4,25.8)] (58)
Consequently, u is a differential function of the flat output y2 and the subsystem of Eq. (54) is also differ-
entially flat.

Knowing that the subsystems of Eq. (53) and Eq. (54) are differentially flat, it is also inferred that they
can be written in the input-output linearized form. Next, a stabilizing feedback controller can be designed
for each one of them by inverting their dynamics, as it is commonly done for input-output linearized systems.

For the subsystem of Eq. (53), the stabilizing feedback control input which is provided by v1 = z5 g is

v1 = gra(z14) e, — fra(z14) — Ki(z14 — 204))] (59)

Next, the value of the virtual control input v; = Zg.,S becomes setpoint Zg.,S for the subsystem of Eq. (54).
The stabilizing feedback control for the latter subsystem, coming from the real control input u is given by

u = g53(21,4, 25.8)_1[25{8 — f5.8(21,4,25.8) — Ka(z58 — Zg_,g))] (60)

By substituting Eq. (59) into Eq. (53) and by defining the tracking error variable eq 4 = 21 4 — zfl_A, as well
as the diagonal gain matrix K;€R*** > 0 with diagonal elements k14 > 0 for ¢ =1,---,4, one obtains
the tracking error dynamics for the first subsystem. This is given by:

f1a = fra(zia) + gra(zra)g14(z00) HE S — fra(zia) — Ki(zia — 28 0)]=
(214 — 20 4) + Ki(z14 — 2 4) = 0614 + Kie14 = 0= (61)
limy oo €1.4(t) = 0=214 = 2‘11)4



By substituting Eq. (60) into Eq. (54) and by defining the tracking error8 variable ess = 258 — zgyg,
as well as the diagonal gain matrix Ko€R*** > 0 with diagonal elements ko > 0for i =1,---,4, one
obtains the tracking error dynamics for the first subsystem. This is given by:

Z58 = f5,8(21,4,25,8) + 95,8(21,4, 25,8)95,8(21,4, 25,8) [ — fo.8(21,4, 25.8) — Ka(z58 — 28 5)]=

(2}578 — 25(1,8) + K2(2578 — Zg,8) = 0:>é578 + K26578 =0=> (62)
lim; o0 657g(t) = 0:>Z5)8 = Z5d78

Consequently, all state vector elements z; i = 1.--- , 8 converge to the associated setpoints z¢ and through
them the state variables of the initial nonlinear system z;, i = 1,--- , 8 converge to the associated setpoints

d

x¢. Therefore, the control loop of the induction motor-driven gas-compressor is globally asymptotically

stable.

Global stability for the control loop of the IM-driven gas compressor can be also proven through Lyapunov
analysis. To this end, the following Lyapunov function is defined

V= glelsera+ el gess] (63)

By differentiating in time one obtains

V= %2[6{4@1,4 + 6§8é5,8] (64)

Next, using the relations about the tracking error dynamics of the system’s subvectors which was given in
E q. 61 and Eq. (62) one obtains

Vv = [654(—K16174) + 6%:8(—K2€5)8)]$
V = .—[6{41(16174 — €§8K265,8]:> (65)
V<oV 61)4750, 65)8750

Moreover, V = 0 if and only if e; 4 = 0 and e5 g3 = 0. consequently V is a strictly diminishing function
which converges asymptotically to the equilibrium [e1,4 = 0, e5.s = 0]. Thus, once again global asymptotic
stability is proven for the control loop of the induction motor-driven gas-compressor.

4 Dynamic model of the PMSM-driven gas-compressor

4.1 Dynamics of the PMSM-driven gas compressor

The diagram of the PMSM electrically-driven gas compression system is given in Fig. 2/ The pressure of
the inlet valve is denoted again as P;. The pressure of the outlet valve is denoted as P,. The mass flow
through the compressor is denoted as m. The mass flow depends on the tank volumes and gas velocities, as
well as on inlet and outlet tank conditions. The compressor’s turn speed is denoted as w. The compressor’s
torque is denoted as 7.. The motor’s torque is denoted as 745 and is a control input for the compressor.
The moment of inertia of the turning part of the compressor is denoted as J. By defining the state vector
of the electrically driven gas compressor as z, = [v1,Z2, 23,74, 75| = [P;, Py,m,w,m,]T the associated
state-space model is given by [32], [91]

Iw

- [Kin/Patm — 1 — T3 + T5]

.
2

v"[ Ko\/T2 = Patm + x3 — 5]

S _ (66)
i3 = ¢[m(r3, 24)21 — 2]

:64 = L[1a — Te(w3, 24) — V4]

[K Vo — 1 — Kin/Datm — 1]

10



By defining the state vector of the permanent magnet synchronous motor as x, = [xg, 7,78, Tg|T =
[0,w,i4,i4]" the state-space model of this electric motor is given by [3-5]

&6 = 7
i7 = 5[pre(¥m — (La — Lq)as) — Bar — Ty
Tg = %d(vd — Rxg — pr7Lgxy)
Tg = Liq(vq — Rxg — pr7Lgrs — 27Y,,)

(67)

where J is the moment of inertia of the PMSM, p is the number of poles, ¥,, is the magnetic flux due to
the machine’s permanent magnets, Lq, L, are the inductance coefficients in the dg reference frame, R is
the stator’s resistance and B is the mechanical friction coefficient.

Using that the torque which provides the rotational motion of the compressor is the electromagnetic torque
of the PMSM, that is
Ta = pxo(Vy, — (Lg — Ly)xs) (68)
and applying Eq. (66) about the dynamics of the compressor, as well as Eq. (67) about the dynamics of
the PMSM, and by considering that the complete state vector of the integrated system is
T = [xla T2,X3,T4,T5,T6, x7]T = [‘qu P07 m,w, My, idu Z.q]T (69)

and that the control inputs vector of the integrated system is

u = [ul,UQ,Ug,U4]T - [Ki,KT,'Ud,'Uq]T (70)
the integrated state-space model of the compressor-PMSM system comprises the following equations

2
3

i1 = 3+ [ury/Patm — T1 — 23 + 5] (71)

7

a2
.’il'g = VZ[_KO VL2 — Patm + xr3 — 1'5] (72)

iy = L[ (z3, z4)T1 — 2] (73)

Ty = %{[pan(\llm — (La — Lg)xg)] — Te(3,®4) — V24 } (74)
&5 = T%[um/ﬂ?z — &1 — U1y/Patm — T1] (75)

T = L%i(u;g — Rxg — praLyxr) (76)

i7 = 4~ (us — Ry — praLawg — x4Vp,) (77)

Lq
The previous state-space model of Eq. (71) to Eq. (77) can be also written in the nonlinear affine-in-the-
input state-space form

i = f(x) + g(x)u (78)

where z€ R f(z)eR™1, g(x)€R™* and u€ R**!. The associated matrix equations are given next
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Figure 2: Diagram of the PMSM electrically-driven gas compressor

a2
72[—963 + x5)
ao [_Ko\/ T2 — Patm + xr3 — $5]
%[TF((Eg, {E4)JJ1 — CL‘Q]
f@) = Hlpr(W,) — (La — Lg)xs) — 7e(23, 24) — vaa}
0
L%(—Razg — praLqx7)
qu(—RIZW — praLazre — x4¥y,)

|om

<

2

VPatm — T1 0 0 0

0 0 0 0

0 0 0 0

g(x) = 0 0 0 0
~7VPatm — %1 VT2 -z 0 0

0 0 - 0

0 0 0 %

4.2 State-space model of the PMSM-driven gas-compressor
The state vector of the PMSM-driven gas-compressor is given by:

_ T _ - T
T = [$1,$2,$3,$4,$5,$6,$7] - [P17P27m7w7m7‘71d72q]

12
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and the control inputs vector is given by

u = [Ul,U2,U3,U4]T = [Ki7KT‘7Ud7Uq]T

The dynamic model of the PMSM-driven gas compressor is given by

. a; (_ a
X1 V: ( T3 + ‘T5) _i\/patm—;ﬂl

. a2

i (= Ko/ = Paim + 5 — 75) 0

T3 ) +m(zs, xa)z1 — 2] 8

Ty | = | L{[pr7Y,, — (Lg — Ly)we] — 7e(x3,24) — vxa} | T

. J m q c s 1

s 0 TV Patm — T1
%o 7 (=R — praLywr) 0

o i(‘Rm —praLare — x4V,,) 0

Next, the system’s state-space model is reorganized as follows:
s = % (—~Ko/T2 = Datm + 23 — 5)
ig = L[m(zs,4)21 — 22]
T = avlj(—im +x5) + %JMM
5 = — 7 \/Patm = T1t1 + /T — Frus
Ta = %{[pxﬂllm — (La — Lg)xs] — Te(z3, 24) — V24 }
Tg = Lid(—RxG — praLqxr) + Lidu?,

T7 = LLq(—Rm — praLare — v4Wp,) + L%“‘l

offroococcoc o

(82)

o coococoo

)
& &
~—

(87)

(88)

(89)

(90)

Next, the state variables of the system are re-defined as: z1 = x2, 20 = 3, 23 = X1, 24 = T5, 25 = T4,
z6 = x¢ and z7y = x7. Using this state variables notation the system’s state-space model is rewritten as::

|ow

21 =2 (_Ko\/ 23 — Patm + 29 — Z4)

o

=

2’2 = %[F(Zg, 25)2’3 — 21]

M)

S|
N

2
L (—20 + 24) + av Patm—z5U1

z3 =

=

24 = —T%\/patm — zgu1 + T%\/Zl — Z3U2
25 = %{[pzﬂl’m — (Ld — Lq)ZG] — TC(ZQ, 25) — ’1}25}

Z6 = LLd(—RZG — pZ5LqZ7) + Lid’u,g
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= LLq(—Rz7 —pzsLaze — 25V,,) + L%M (97)

Next, the dynamics of the PMSM-driven gas-compressor is written in the form of the following chained
subsystems:

()- (%(—Ko@-F@)) . ( 0 —v> () (98)

22 721 —1m(22,25) 0 24
. a? a?
()= (Femra) g (vem== | 0 ) () )
?4 0 —T%\/patm — 23 T% zZ1— 23 ) \U2
55 = [~ F7e(z, 25) — Y25] + [P35z + L] (100)

1 1
%) _ 7. (=Rze — pzsLgzr) . O us 101
(z7> (%q(—RZ7 —pzsLaze — 25%.,) 1o Liq on (101)
4.3 Differential flatness-properties of the PMSM-driven gas-compressor

The dynamic system of the PMSM-driven gas-compressors is differentially flat with flat outputs vector

Y = [y17y27y37y4]T = [$1,.’I]2,£C4,(E6]T = [23721722726]T (102)

From the first row of the re-arranged state-space model one has:

(l2
731 == 72(_K0\/ Z1 — Patm + 22 — 24) (103)
and by solving for z4 it holds that
24 = al_g[_vo'él - CLEKO\/ Z1 — Patm + ngz] (104)

which signifies that z4 is a differential function of the flat output of the system or z4 = h4(Y, Y) From the
second row of the re-arranged state-space model one has

?;’2 = %[7‘((22, 25)23 - Zl] (105)
thus, by solving for z5 it holds that
(22, 25) = 5= [Lz2 + 2] (106)

which allows for expressing z5 in the form of a differential function of the flat output vector, or z5 = hs5(Y, Y)
From the fifth row of the state-space model one has

Z5 = %[pzﬂllm — (Lq — Lg)z6) — Te(22,25) — vz (107)
thus by solving for z7 one has
Z7 = 1)\1/%[']25 + (La — Lq)ze + 7e(23, 24) + v25] (108)

which signifies that z7 is a differential function of the flat outputs vector Y or z7 = hr(Y, Y) Next, from
the 3rd, 4th, 6th and 7th rows of the state-space model one has the following system of equations
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2 2
Z3 %(—22 —‘1-24) & 0

Z| _ 0 n —7Patm — 23 7VzZ1—2 0 0 wr | (109)
Z 7-(—Rz6 — pzsLyz7) 0 0 = 0 u3
<1 L%,(—Rm —pzsLaze — 25¥m) 0 0 0 qu Uy
or, in concise form the previous matrix equation is written as
F=f4gu=mu=g'[ - F| (110)

where Zz, f , g, are differential functions of the flat outputs vector. Thus it is also inferred that u is also a
differential function of the flat outputs vector Y, or equivalently u = h,(Y,Y). Consequently, the dynamic
model of the PMSM-driven gas compressor is differentially flat. The differential flatness properties of this
system confirm its linearizability and implicitly also its controllability.

5 Flatness-based control in successive loops for the PMSM-driven gas-compressor

It will be proven that each one of the subsystems of Eq. (98) to Eq. (101) is differentially flat and a
flatness-based controller can be designed about it. The following sub-vectors and sub-matrices are defined:
For subsystem ¥; one has subvector z1 2 and submatrices f12(21.2), ¢1,2(21,2) and virtual control input

V1 = [Ug, v4]T

L o e _
Z12 = (Zl) fi2 = A “1 ) batm T 22) gi2=1| !
22 —721 —m(z2,25) 0

For subsystem Y2 one has subvector z3 4 and submatrices f34(z1,2,23.4), 93,.4(21,2,23,4) and real control
input u, = [u, us]”

2 2
_ (% _ (=224 2 _ [~V VPatm — 21 0
234 = (Z4) faa= <\4( ; )> 934 = <_E\/p p S S _23> (112)
Ty atm Ty

For subsystem X3 one has subvector z5 and submatrices f5(z1 2, 23,4, 25), g5(21,2, 23,4, 25) and virtual control

o< |ogw

(111)

. Lq—L
input ve = _(di‘]q)ZG + ‘“PT’"Z7:

z5 f5 = —%TC(ZQ,Z5) — %25 g5 = 1 (113)

For subsystem X4 one has subvector z 7 and submatrices fs 7(21.2, 23,4, 25, 26,7), 96,7(21,2, 23 4, 25, 76,7) and
real control input uy, = [us, us]”

1 1
_ (6 _ 7, (= Rz¢ — pzsLgzr) _(z; O 114
26,7 <Z7> Je,7 (%q(_RZ7 — pzsLazs — z0n) | 967 0 L% (114)
Thus, the dynamics of the PMSM-driven gas-compressor can be written in the form of the following
subsystems 1 to Xy:

212 = f12(z12) + g1,2(21.2)01 (115)
234 = f34(21,2, 234) + g3,4(21,2, 23,4)Ua (116)
Z5 = f5(21,2, 234, 25) + g5(21,2, 23,4, 25) V2 (117)
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267 = fo,7(21,2, 23,4, 25, 26,7) + 96,7(21,2, 23,4, 25, 26,7)Up (118)

For the subsystem %; of Eq. (115) the flat output is defined as y; = 21,2 and the virtual control input is
vy = 2z34. By solving Eq. (115) for v; one has

v1 = g12(21,2) A2 — f12(21,2)] (119)
which signifies that v; is a differential function of the flat output y; and that the subsystem of Eq. (115)
is differentially flat.

For the subsystem X3 of Eq. (115) the flat output is defined as y» = z3 4, the real control input is u,, while
21,2 is viewed as a coeflicients vector. By solving for u, one has

Uq = g3,4(21,2,23,4) 234 — f3,4(21,2,23.4)] (120)

which signifies that u, is a differential function of the flat output y2, and thus the subsystem of Eq. (116)
is differentially flat.

For the subsystem X3 of Eq. (117) the flat outputs vector is y3 = z5, the virtual control input is vy while
z1,2 and z3 4 are viewed as coefficients. Solving Eq. (117) for vy gives

vy = g5(21,2, 23,4, 25) 25 — f5(21,2, 23,4, 25)] (121)

which signifies that vq is a differential function of the flat output y3 and that the subsystem of Eq. (117)
is differentially flat.

For the subsystem ¥4 of Eq. (118) the flat output vector is y4 = 26,7, the real control input is uy, while
Z1,2, 23,4, 25 are viewed as coeflicients. By solving Eq. (118) for v, one obtains

up = go,7(21,2, 23,4, 25, 26,7) 26,7 — fo,7(21,2, 23,4, 25, 26,7)] (122)

which signifies that u; is a differential function of the flat output y4 and that the subsystem of Eq. (118)
is differentially flat.

Knowing that each one of the subsystems %1 to X4 of Eq. (115) to Eq. (118) is differentially flat means
also that each one of them can be written in the input-output linearized form. Besides, it means that a
stabilizing feedback controller can be designed for each one of these subsystems by applying inversion of
its dynamics, as it is usually done for input-output linearized systems.

For the subsystem ¥; of Eq. (115) the stabilizing feedback control is taken to be vy = 2{,

v1 = g12(212)[1 0 — fr2(z12) — Ki(z12 — 285)] (123)

where K7 > 0 is a diagonal matrix with diagonal elements k;; > 0 for ¢ = 1,2. The virtual control
input v; = 2‘1{2 becomes setpoint to the subsystem of Eq. (116). For the subsystem Y5 of Eq. (116) the
stabilizing feedback control is taken to be

Ug = g3.4(21,2,234)[28 4 — f3.4(21,2,234) — Ko(z34 — 28 )] (124)

where Ky > 0 is a diagonal matrix with diagonal elements ks ;; > 0 for ¢ = 1,2. For the subsystem X3 of
Eq. (117) the stabilizing feedback control is taken to be

v2 = g5(21,2, 23,4, 25) |28 — f5(21,2, 23,4, 25) — K3(25 — 28)] (125)
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where K3 > 0 is a positive scalar feedback gain. Knowing that the desirable value for control input ve is

vy = —% + &27 and by assigning a desirable setpoint Value to zg which is denoted as zg one can
also find the de51rable (setpoint) value for z; which is denoted as z¢. Actually it holds that
4 = 5y [Jv5 + (La — Lg) =] (126)
For the subsystem 34 of Eq. (118) the stablhzmg feedback control is taken to be
uy = go,7(21,2, 23,4, 25,6, 27) |26 7 — fo,7(21,2, 23,4, 25,6, 27) — Ka(z6,7 — 28 7)) (127)

where K4 > 0 is a diagonal matrix with diagonal elements k4 ;; > 0 for ¢ = 1,2. The setpoints vector

zg{7 = [z, 29] has been defined before using the value of 2§ and the value of z¢ that was computed from

Eq. (126).

Next, the following tracking error variables are defined: e 2 = 212 — zfz, €34 = 23,4 — z§{4, es = 25 — zg,
€67 = 26,7 — Z47.- By substituting Eq. (123) into Eq. (115) the following tracking error dynamics is
obtained

Z12 = fr2(z12) + 91,2(21,2)91,2(2’1,2)71[25{2 — f12(z12) — K1(z12 — Zfz)]:>
(2112 — é’iz) + K1(21)2 — Zf72) = 0:>é112 + K16112 = 0= (128)
limiooer,2(t) = 0=limyoo21,2(t) = zfz(t)

By substituting Eq. (124) into Eq. (116) the following tracking error dynamics is obtained

23,4 = f3,4(21,2, 23,4) + 93,4(21,2, 23,4)91,2(21,2, 23,4)_1[23 41— f3, 4(21 2,23 4) K2(23,4 - Z‘gi,4)]=>
(23,4 — 23{4) + Ka(z3.4 — z§i4) = 0=¢34 + Kaez 4 = 0= (129)
limy—oces.a(t) = 0=limy o023 4(t) = z§l74(t)

By substituting Eq. (125) into Eq. (117) the following tracking error dynamics is obtained

= f5(21,2, 23,4, 25) + 95(21,2, 23,4, 25)95(21,27 23,4, 25)_1[7331 — f5(z1,2, 23,4, z5) — K3(25 — Zg)]:>
(25 — 28) + K3(z5 — 28) = 0=¢é5 + K3es = 0= (130)
limy_yooes(t) = 0=>limy o0 25(t) = 22(2)

Finally, by substituting Eq. (127) into Eq. (118) the following tracking error dynamics is obtained

2}6,7 = f6,7(21 2, 23,4, %5, %6, 7) + 96,7(21,25 23,4525, 26,7)96,7(21,25 23,45 %5, 26,7)71
1287 — for(21,2, 23,4, 25, 26.7) — Kalze,7 — 28 7)]=
(26,7 — 287) + Ka(z6,7 — 28 7) = 0=é6.7 + Kaeg 7 = 0=
limysoo€e,7(t) = 0=limyoo26,7(t) = zgj(t)

(131)

By proving that state vector elements z; converge to the associated setpoints z¢ it is also proven that the
state variables of the initial nonlinear system x; converge to their setpoints xf. Thus, the control loop of
the PMSM-driven gas compressor is globally asymptotically stable.

Global stability can be also proven through Lyapunov analysis. To this end, the following Lyapunov
function is defined:

V= %[6,{126172 + 65463,4 + 6% + 65766)7] (132)

By differentiating the above equation in time one obtains:

V = %2[6,{2(%112 + 6§4é314 + 65é5 + 6£7é677] (133)
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Next, by substituting in Eq. (133) the relations about the tracking error dynamics which are provided by
Eq. (128) to Eq. (131) one gets

Vv Z.[efz(—Klel,g) + 654(—K26374) + €5(—K3€5) + 657(—K46677)]$
V = _[652(.‘[{161)2) + 654(‘[{263)4) + (ngg) + 657(K46677)]$ (134)
V<0V 61,2¢05 6374¢07 65#0, 66,7¢07

and V = 0 if and only if e12 =0, e34 = 0, es = 0 and e,y = 0. Consequently, Lyapunov function V
is a strictly diminishing function which converges asymptotically to the fixed point [6{2 = O1x2, egTA =
O1x2,e5 =0, eGTJ = 01x2]. In this manner, it is proven once again that the dynamic model of the PMSM-
driven gas compressor is globally asymptotically stable.

6 Simulation tests

6.1 Results on control of IM-driven gas compressors

Results about the tracking accuracy and the speed of convergence to setpoints of the successive-loops
flatness-based control method, in the case of the induction motor-driven gas compressor, are shown in Fig.
3 to Fig. 18. A per-unit (p.u.) state variables notation has been used. It can be noticed, that under this
control scheme one achieves fast and precise tracking of reference setpoints for all state variables of the
induction motor-driven gas compressor. It is noteworthy, that through the stages of this method one solves
also the setpoints definition problem for all state variables of the induction motor-driven gas compressor.
Actually, the selection of setpoints for state variables xo, x3, z4 and xg is unconstrained. On the other
side by defining state variables x1, x5, xg, x7 as virtual control inputs to the subsystem of x2, 3, x4, x4
one can find the setpoints for x1, x5, xg, T7 as functions of the setpoints for xs, x3, x4, 6. The speed of
convergence of the state variables of the induction motor-driven gas compressor under flatness-based con-
trol implemented in successive loops is dependent on the selection of values for the diagonal gain matrices
K;, 1 =1,2 of Eq. (59) to Eq. (60).

6.2 Results on control of PMSM-driven gas compressor

Results about the tracking accuracy and the speed of convergence to setpoints of the successive-loops
flatness-based control method, in the case of the PMSM-driven gas compressor, are shown in Fig. 19 to
Fig. 34. A per-unit (p.u.) state variables notation has been used. It can be noticed, that under this
control scheme one achieves fast and precise tracking of reference setpoints for all state variables of the
PMSM-driven gas compressor. It is noteworthy, that through the stages of this method one solves also
the setpoints definition problem for all state variables of the PMSM-driven gas compressor. Actually, the
selection of setpoints for state variables o and x3 is unconstrained. On the other side by defining state
variables z1 and x5 as virtual control inputs for the subsystem of zo, x3 one can find the setpoints for x1, x5
as functions of the setpoints for xo, 3. In a similar manner the selection of setpoints for the turn speed x4
of the compressor is unconstrained. On the other side by defining state variables xg and x7 as parts of the
virtual control input for the subsystem of x5, and by assigning without constraints a value to the setpoint
of xg one can also find the setpoinf for 7 as a function of the setpoints of x4, 4. The speed of convergence
of the state variables of the PMSM-driven gas compressor under flatness-based control implemented in
successive loops is dependent on the selection of values for the diagonal gain matrices K;, ¢ = 1,--- ,4 of
Eq. (123) to Eq. (123) .
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Figure 3: Tracking of setpoint 1 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their

KF-based estimation (green line)
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Figure 4: Tracking of setpoint 1 by the induction motor-drive gas compressor (a) Variations of the control
inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 5: Tracking of setpoint 2 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their
KF-based estimation (green line)
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Figure 6: Tracking of setpoint 2 by the induction motor-drive gas compressor (a) Variations of the control
inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 7: Tracking of setpoint 3 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their
KF-based estimation (green line)
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Figure 8: Tracking of setpoint 3 by the induction motor-drive gas compressor (a) Variations of the control

inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 9: Tracking of setpoint 4 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their
KF-based estimation (green line)
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Figure 10: Tracking of setpoint 4 by the induction motor-drive gas compressor (a) Variations of the control

inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 11: Tracking of setpoint 5 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their
KF-based estimation (green line)
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Figure 12: Tracking of setpoint 5 by the induction motor-drive gas compressor (a) Variations of the control
inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 13: Tracking of setpoint 6 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their
KF-based estimation (green line)
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Figure 14: Tracking of setpoint 6 by the induction motor-drive gas compressor (a) Variations of the control

inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 15: Tracking of setpoint 7 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their

KF-based estimation (green line)
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Figure 16: Tracking of setpoint 7 by the induction motor-drive gas compressor (a) Variations of the control
inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 17: Tracking of setpoint 8 by the induction motor-driven gas compressor (a) Convergence of state
variables z1 to x4 (blue lines) to the reference setpoints (red lines) and their KF-based estimation (green
line), (b) Convergence of state variables x5 to g (blue lines) to the reference setpoints (red lines) and their
KF-based estimation (green line)

200 200
100 100
50 S0
-100 -100
-200 -200
0 20 0 20 40
time (sec) time (sec)
100 100
50 50
S0 I S0
-50 -50
-100 -100
0 20 40 0 20 40
time (sec) time (sec)

(a)

10 20 30 40 0 10 20 30 40
time (sec) time (sec)
2
1
V o0 v
-1
-2
10 20 30 40 0 10 20 30 40
time (sec) time (sec)

(b)

Figure 18: Tracking of setpoint 8 by the induction motor-drive gas compressor (a) Variations of the control

inputs uq to u4, (b) Tracking error of state variables x1 to x4
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Figure 19: Tracking of setpoint 1 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)
and their KF-based estimation (green line)
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Figure 20: Tracking of setpoint 1 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 21: Tracking of setpoint 2 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)

and their KF-based estimation (green line)

100
50
J\/‘ S0
-50
-100

0 40

time (sec) time (sec)
100
50
VR A
VU | VR

S0
-50
-100

20 40 0 40

time (sec)

(a)

time (sec)

. .ﬂ o |
-1
-2
10 20 30 40 0 10 20 30 40
time (sec) time (sec)
2
1
A o 0l ¥/
-1
-2
10 20 30 40 0 10 20 30 40
time (sec) time (sec)

(b)

Figure 22: Tracking of setpoint 2 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 23: Tracking of setpoint 3 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)

and their KF-based estimation (green line)
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Figure 24: Tracking of setpoint 3 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 25: Tracking of setpoint 4 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)
and their KF-based estimation (green line)
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Figure 26: Tracking of setpoint 4 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 27: Tracking of setpoint 5 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)
and their KF-based estimation (green line)
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Figure 28: Tracking of setpoint 5 by the PM synchronous motor-drive gas compressor (a) Variations of the

control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 29: Tracking of setpoint 6 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)

and their KF-based estimation (green line)
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Figure 30: Tracking of setpoint 6 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 31: Tracking of setpoint 7 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)

and their KF-based estimation (green line)
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Figure 32: Tracking of setpoint 7 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4
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Figure 33: Tracking of setpoint 8 by the PM synchronous motor-driven gas compressor (a) Convergence
of state variables x1 to x3 (blue lines) to the reference setpoints (red lines) and their KF-based estimation
(green line), (b) Convergence of state variables x4 to x7 (blue lines) to the reference setpoints (red lines)

and their KF-based estimation (green line)
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Figure 34: Tracking of setpoint 8 by the PM synchronous motor-drive gas compressor (a) Variations of the
control inputs u1 to ug, (b) Tracking error of state variables 21 to x4



7 Conclusions

The article has proposed a flatness-based control method implemented in successive loops for the dynamic
model of IM-driven and PMSM-driven gas compressors. In common approaches to flatness-based control,
nonlinear systems undergo a change of state variables and through successive differentiations of their flat
outputs one arrives at describing their dynamics in the input-output linearized form and subsequently in
the linear canonical (Brunovsky) form. On the contrary, in the proposed flatness-based control method
implemented in successive loops there is no need for changes of state variables or forth and back state-space
model transformations, and consequently it does not come against singularity cases. The proposed control
method achieves fast tracking of reference setpoints. The global stability of the flatness-based control
method in successive loops is proven analytically by showing the asymptotic elimination of the tracking
error of each one of the subsystems that constitute the integrated system’s dynamics. A global stability
proof can be also obtained using also Lyapunov analysis. Two case studies have been considered: (i)
flatness-based control in successive loops for the dynamic model of a gas-compressor that is actuated by an
induction motor, (ii) flatness-based control in successive loops for the dynamic model of a gas compressor
that is actuated by a permanent magnet synchronous motor.

In the proposed flatness-based control method implemented in successive loops. the initial nonlinear state-
space model of the system is transformed into a chain of subsystems, where for each one of them it is
shown that differential flatness properties hold. The state vector of the (i-th) subsystem becomes also a
flat outputs vector about it while the state vector of the (i+1)-th subsystem forms a virtual control inputs
vector for the i-th subsystem. The proof of differential flatness properties for each one of these subsystems
signifies that each one of them can be written in the input-output linearized form and that a stabilizing
feedback controller can be designed for each one of them by inverting its dynamics. In this concept, the
virtual control inputs vector that stabilizes the (i-th) subsystem should be also a setpoints vector for the
(i41)-th subsystem. Finally, the N-th (last) subsystem in this chain of state-space model contains the real
control inputs. The inversion of its dynamics gives the stabilizing feedback controller for the initial non-
linear state-space model. This control signal which achieves stabilization for the initial extended nonlinear
state-space model uses recursively the virtual control inputs of the preceding N — 1 subsystems, by tracing
these subsystems backwards that is from the (N-1)-th subsystem to the 1st one. The fine performance of
the flatness-based control method in successive loops for IM-actuated and PMSM-actuated gas compressors
has been further confirmed through simulation experiments.
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