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Optimal Load Sharing of Parallel Compressors via Modifier Adaptation
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Abstract— We discuss optimal load sharing of parallel gas well provided that structural plant-model mismatch is not
compressors in the presence of plant-model mismatch. We significant and that there is sufficient process excitation
formulate this problem as a static real-time optimization task for estimating the uncertain model parameters. It is well

and propose to tackle it by means of modifier adaptation. . .
Under mild assumptions, the chosen approach guarantees op- understood in the RTO community that, due to structural

timal operating conditions upon convergence. Furthermorewe  Plant-model mismatch, two-step approaches do not neces-
discuss how the specific problem structure can be exploitecbt sarily converge to the plant optimum [7]. In other words,
estimate the plant gradients efficiently during process op@tion.  applying a two-step approach, it is usually not possible
Finally, we draw upon simulated case studies for two and six to give guarantees about optimal plant operation, see [8]

compressors to demonstrate the applicability and effectiness .
of the proposed real-time optimization approach. for a tutorial example. Hence, other RTO approaches—

Index Terms—real-time optimization, modifier adaptation, Such as modifier adaptation (MA) [7], [9], or the sufficient

gas compressors, load sharing conditions for feasibility and optimality (SCFO) [10]—hav
been designed to enforce plant optimality upon convergence
I. INTRODUCTION Herein, we rely on MA to tackle the problem of optimal

Compressors are necessary components in many indi@ad sharing of parallel compressors using inaccurate teode
trial processes. They provide air for combustion, recatul We will add first-order correction terms to the cost and
fluids through processes, and transport gas through pipe@nstraint functions of the model-based optimization prob
and pipelines. The provision of compressed air and gdeém. We show that the case of parallel compressors allows
is considered to be one of the most expensive utilities ifxploiting the problem structure for the sake of efficient
many industries. Furthermore, compressors are assumeddf@dient estimation. The proposed RTO method addresses
be among the major energy consumers in many industrifle problem with a fixed number of active compressors.
processes such as air separation [1]. Consequently, dptini¢pte, however, that the complexity of the algorithm is mpstl
operation of compressors is of considerable interest [2[pdependent of the number of compressors. We draw upon
[3], [4]. The available studies have considered differen@ Simulated case study with six parallel compressors to
applications, such as natural and supply gas systems, dimonstrate the effectiveness of the proposed approach.
different system setups, such as fixed-speed driversblaria  The remainder of the paper is organized as follows. In
speed dual-shaft gas turbines and variable-speed ekdctriSection I, we recall preliminary material, namely, the MA
drivers [2]. In the present paper, we investigate the prableapproach to RTO, the modeling of single compressors, and
of optimal load sharing of parallel gas compressors in th#e load-sharing optimization problem. Section Ill propes
presence of plant-model mismatch. A load-sharing strategyMA solution to the optimal load-sharing problem. We also
based on on-line estimation of compressor performanéhscuss the integration of the RTO algorithm into the engpti
followed by the solution of the load-sharing optimizationcontrol scheme. A case study for a compressor station is
problem is proposed in [2]. Similarly, in [4], static regsen  presented in Section 1V, and final conclusions are provided
models of compressors are built and then used to comptufeSection V.
the best load distribution.

The aforementioned results fall into the class of so-called Il PRELIMINARIES
two-step approaches for real-time optimization (RTO) of\. Real-Time Optimization via Modifier Adaptation

uncertain processes [5], [6]. The two-step approach works The steady-state plant optimization problem is typically

. _expressed as the following nonlinear program:
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®(u,0) andG(u, 0) are available, wher@ is a set of model
parameters. Consequently, the solution to the originabpro
lem (1), u;, can be approximated by solving the following

model-based optimization problem: MMree MMout
u’(6) = argm&n ®(u,6) (2) Centrifugal
st. G(u,0) <o0. A Compressor
Pin Vv
In the presence of plant-model mismatch and changing '
operating conditions, since the solutiah obtained with the
model does not generally match the plant optimajnsome Min Me

adaptation strategy is needed.

In order to converge to the plant optimum, Problem (2) o .
should be adapted in such a way that, upon convergence, thgough the recycle line is regulated by the opening of the
necessary conditions of optimality (NCO) of the modifiec@nti-surge valveg’rec’). The discharge side valvgout') is
problem match those of Problem (1) [11]. For instance, thidsed to regulate c_zllscharge pressure. The dynamic compresso
can be achieved by modifying the model so as to enford®0del can be written as [3]:

Fig. 1. Diagram of a single compressor.

matching of the values of the constraints and the gradients dp1 o 6
of the cost and constraint functions at each RTO iteration at 1(Min + Mrec = Me) (6a)
by means of first-order correction terms. The resulting RTO dp2 c 6b
scheme is referred to as MA in the literature [7], [12]. At ar 2(Me = Mrce = Mout) (6b)
the kth RTO iteration, the next input values are computed dm. Cs (paTl — po) (6¢)
by solving the following modified optimization problem: a oW bz
d
uj,; = argmin ®™%u, 8) := ®(u, ) + (A%) u 3) d—b: = C4(T — Teomp) (6d)
5.t.G"(u, 80) == G(u,8) + & + (AF) (u—w) <0, Toree _ O (1nyee, s — inee) (6€)
dt 8] TEeC,S8S rec) s

where 0, are thenominal model parameterss& € R"s
are the constraint value modifierd; € R" are the cost
gradient modifiers, and{ € R"«*"s are the constraint
gradient modifiers. These modifiers represent the diffexgenc
between plant and model quantities (namely, the values
the constraints as well as the cost and constraint graglien
at the current operating poimi:

where m., Myee, My, and my,; denote the compressor,
recycle, inlet, and outlet flows, respectively;is the suction
pressurep, the head pressuré] the pressure ratiay the
rotational speed of the shaft, the applied torque, while
éi,i = 1,...,5, are constant parameters. Furthermore, one
can write:

in = kzn‘/;n in T 6f
eff = Gy(u) — G(uy, 09), (4a) m VIpin = p1l (61)
Aq) T B(I)p o0b 0 ab Mout = koutvout V |p2 - pout| (69)
( k) = g—g(uk) - %—lé(uk, 0), ( ) Myec,ss = kreeVieen /|p2 _p1| (Gh)
(AkG)T = aup (uk) - a_u(uk, 00) (4C) Tcomp — OTWMc, (6|)

The next operating point is obtained by filtering the input¥/N€répin is the inlet pressure ang,,; the outlet pressure.
as follows: Vin, Vour @andV,... are the openings of the inlet, outlet, and

recycle valves, respectively, arg,, k.., andk,.. are the
1 = Kujyy + (1= Ky, (5) corresponding valve gains. Eq. (6i) relates the compressor
torque to the flow and the compressor speed, wheiethe

whereK is a diagonal filter matrix of dimensiofn,, x n,,) slip factor andr the radius of the shaft

with eigenvalues in the interval0, 1]. Alternatively, it is o _ .
possible to filter the modifiers [7]. The main advantage The pressure ratidl is modeled as a polynomial function
of MA is that, upon convergence and in the absence &ff w and m.. Likewise, the polytropic efficiencyy, is
measurement noise, the operating point satisfies the Modeled as a polynomial function af andII [2]:

NCO of Problem (1) [7]. I = a1 + aow + azme + auwme + asw?® + agm?  (7a)
B. Modeling a Single Compressor My = B1 + Bow + BsTT + Bawll + Bsw? + BelI2. (7b)

The compressor model used in this study is based on ttf‘%ese compressor maos are tvoically provided by the man-
work of [3]. As depicted in Fig. 1, the main element is the P P ypicaly p y

compressor, which is surrounded by piping and valves Trigacturer or they can be identified based on historical data
! ' ]. The shaft power is calculated as

main line starts with a suction side valyen’) that is used
to regulate the suction pressure. A recycle line conneés th P, = %mw (8)
compressor outlet with the compressor inlet, and the flow p



wherey,, is the polytropic head I1l. MODIFIER ADAPTATION FOR PARALLEL
ny—1 COMPRESSORS

Yp = Zl;\fﬂn M 1 [(pz) — 11 . (9) In parallel compressor stations, the outputs of each com-
W T pressor depend only on the inputs to that compressor. As
Here, Z;, is the inlet compressibility factoff}, the suction we will see later, this feature confers a special structure
temperatureMy, the molecular weight of the gas mixture,to the load-sharing problem that can be exploited for the
which is assumed not to change, ang the polytropic implementation of MA. For simplicity, we restrict our anal-
exponent. ysis to station flow setpoints:;*, for which all compressors
operate far from the surge line. In other words, we assume
Viec,i =0, fori=1,..., N, which leaves the torques as the
COHSIdef a station withV parallel compressors, and letonly decision variables. At théth RTO iteration, the MA

{1,...,N} be the corresponding index set. Theproplem can be formulated as follows:
optlmal setpomts for the torque; and the recycle valve N

opening V.. can be obtained by minimizing the sum of 7%, — argmin mepd(n)
power consumption of all compressors. Under normal pro- = **+! T

cess operation, the power consumption is always minimized
by keeping the inlet and outlet valves completely open, that )
is, Vin = Voue = 1. Mathematically, the problem can be steady—state model equations

stated as follows:
meOd +er=mi,  (11b)

C. Load-Sharing Optimization Problem

(11a)
i=1
s.t.

N
min Z P ; (10a) )
i Veeei S mequallty constraints (10c)-(10f).
S.t. The modified cost and constraints read
steady-state model equations
v ’ PIr) = Pys(r) + O (- ), (12a)
Y mei=miy (10b) mP(r) = mei(r) + M) (7 — 7ik), (12b)

and the modifiers are computed as follows

80, — S1,iMeci + Pa,: <0, ieN (10c)

Pi,i

— ea: . 5

€0,i T C1,iMec,i — P,i <0, ieN (10d) €k = Mgy (Tk) = Z Me,i(Ti,k); (13a)

Pi,i

) i — aps i
mb; <meg <mY, ieN (10e) ()T = Vi Pailrin) = > (rix), i €N (13b)
TZ

0 < rw; < PU( .)’ i e N (10f) . R I
0< Vieei SV2s i€N, (109) AL = Vomei(Tik) — 87-1-7 (tik), i€ N. (13c)

wherem;®, is the required mass flow for the whole station,Herem['$?{r},) is the measured value of the total mass flow
andsy ;, s1.i, co.; andc; ; are positive constants. The feasibleat the kth iteration, and for each compress@fn Py i(Ti 1)
region for the compressors is defined by the foIIowmgandVﬂm“(m) are the estimated values of the derivatives
constraints: with respect tor; of P,; andm.;, respectively, evaluated

. Surge constraint (10c): This constraint represents @ 7. Note that (i) the gradient modifiers)” and ;" are
lower limit on the flow that can be generated by ascalars, and (i) to estimate the plant deerﬁtI%@PSl(Tl k)
compressor for a given head or pressure ratio. If thisnd Vﬂm“(TZ k), & single perturbation of the torque is
limit is violated, then a flow instability called surge required for each compressor. Furthermore, it is possible t
occurs, which can cause thermal and mechanical stregsrturb all the torques simultaneously in such a way that the
to compressor blades, potentially leading to damagelsturbance to the total mass flow is negligible, as will be
and eventually also to machine failure. explained in the next subsection.

o Choke constraint (10d): This corresponds to the max- If MA is applied in an open-loop manner, the optimal
imum flow that can be generated by a compressdorquesr;  , computed from Problem (11) (or their filtered
depending on the aerodynamic characteristics of thealues) are applied directly to the compressors. Howewer, i
compressor and the discharge piping. this case, the desired total station flow is only guaranteed t

o Mechanical limits: Lower and upper bounds for thebe reached upon convergence of the RTO iterations [7].
operating flows (10e), applied power (10f) and recyle
valve openings (10g). A. Closed-Loop Implementation of MA

At the optimum, it turns out that, for each compressor, In practice, a PID controller is in charge of tracking the

either the surge constraint (10c) is active or the recydieeva total mass-flow setpoint:;?, by computing the “controller”
is completely closed, that i$/..; = 0. torquery(t) that, if applied to all compressors, would result
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Fig. 2. Load-sharing optimization of a controlled compoesstation. The control level is executed in continuous tim&hile the optimization part is
executed only once the system has reached steady Atquﬂ. is the contribution of the optimization layer, whils; ;. is the torque perturbation that is
added to compute the experimental gradienfsis the controller torque reached at thth RTO iteration without the perturbationsr; ., while 7 is the
controller torque reached at steady state with the petiorsaAT; ;.

in the desired station flow. Load-sharing optimization ifProblem (11). MA ensures that; is also a KKT point for

added as a static layer that generates asymmetries in tthe ldhe plant (see Theorem 1 in [7]). |
distribution of the parallel units. The proposed closeaplo
implementation of MA is illustrated in Figure 2. B. Gradient Estimation Exploiting the Problem Structure

Consider the steady state reached ateRTO iteration, Perhaps, the most challenging part of MA lies in the fact

with the “controller” torque valuey; an(_j the torque applied that gradients of the plant outputs, with respect to thetspu
to each COMPressat . The RTO algorithm suggests apply- i, st he available. In general, steady-state perturbateth-m
ing next;, ., which is the filtered value_ of the optimal ¢ require at leastn, + 1) steady-state operating points
torque computed from Problem (11), that is, to estimate the gradients, and one has to wait for steady
T];c+1 = K7iiy + (I = K)Tp (14) state eac_h time the inputs are changed. In the case of the
load-sharing problem (11), we havg, = N, and we need
It follows that the contribution of the optimization for the ty estimate the plant derivativé@TiPs,i and @nmc,i for
next RTO iteration is: each compressor. As mentioned previously, a characteristi
(15) of parallel compressor stations is that the outputs of each
compressor depend only on the torque (input) applied to
This closed-loop implementation of MA maintains the attracthat compressor. As a consequence, it is possible to perturb
tive property of converging to a Karush-Kuhn-Tucker (KKT)the torques of all compressors at the same time to estimate
point for the plant, as stated in the following Proposition. the derivatives. This has the advantage that the complete
Proposition 1 (Optimality upon Convergencejonsider  gradients can be estimated using only two steady-state oper
the MA scheme (11)-(13) implemented in closed-loop bwating points, regardless of the number of compressors.eThes
applying the feedforward torque differences (15) using thsteady states are the current RTO operating psingiven
filter (14). Let the following assumptions hold: by (16) and the perturbed operating point. The perturbed
point is obtained by adding the torque perturbatidxs j,

f . f c
ATi,k—H =Tkl T Tk

a) The functionsPs ;(r;) and me(7;), i = 1,..., N, are ) '
continuously differentiable for the plant and the model. to each compressor (see Figure 2):
b) m;‘;etas is measured without noise, and the derivatives For =70+ ATifk + A7, i=1,...,N, (18)

V., Ps; and ?nmm are perfectly estimated.

¢) The constraints (10c)-(10f) do not become active where7; is the controller torque reached at steady state for

the perturbed operating point. The derivatives of the power

Then, if the MA scheme converges, the converged poionsumption are estimated by finite difference as follows :
Too = limg oo T IS @ KKT point for the plant. pmeas ~ pmea
Proof: Note that @T'Psi(ﬂ.k) _ s k) — P S(Ti,k). (19)

c f Tik = Tijk
Tik = T + AT, 1, (16)

) ) ] The mass-flow derivative¥ ,,m.; can be estimated using
which, upon convergence, can be written in vector form aghe same approach. The perturbatiaks; ;, should be se-

Too =TS + ATLO- (17) lected such that (i) the gradients are estimated with saffici
accuracy, and (ii) the perturbation of the total mass flow is
Using (15) in vector form and (14) gives: negligible. With respect to (i), the error in the derivative
Too = 7% 4+ (T = K)o + Kr% — 78 estimates due to measurement noise will be large if the step
> o > o h = |7i,x — 71| is too small, while ifh is too large, the error

which reduces tor,, = 7%,. The KKT conditions being due to the finite-difference approximation of the gradieitit w
necessary conditions, it follows that_ is a KKT point for be too large [12]. In general, good estimates can be obtained
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compressor station.

if h belongs to a certain intervah®, hV]. With respect to
(ii), one option is to formulate an optimization proble
to compute the torque perturbatiofsr; ;, subject to (11b)
and A7, . € [h-, hY]. In this paper, we choosAr; ;. such
that Zf;l AT, = 0, which is a simple but very effective
approach. For example, if the number of compressoris

even, one can sele&tr; , = A > 0 for N/2 compressors,
and Ar; , = —A for the otherN/2 compressors.
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Fig. 4. Change in the total mass flow of the two-compressaiostétop).
Evolution of the power consumption of the station using th& btheme,
compared to the power consumption obtained via equal loattitdition
(bottom). For the sake of comparison, the power consumgtiothe plant
is plotted without noise.

setpoint and the feedforward contribution to the torques ar
implemented using ramps. The filter (14) is applied with
K = 0.8

Plant-model mismatch is introduced by using different
compressor maps (7) for the model and the plant. The
efficiency maps for three different plants (A-C) and the

IV. SIMULATION RESULTS model are shown in Figure 6. The model assumes that all the
In this section, the MA scheme described in Section Ill isompressors have the same map. It follows thatrtioelel
tested in simulation. Two scenarios involving gas boostingptimum corresponds to equal load distribution.
stations composed of two and six parallel compressors, 1) Two-compressor stationThe plant compressors use
respectively, will be considered. Based on experimentghe maps A and B in Figure 6. The initial setpoint for the
data from real compressors, the measurement noises fgtal mass flow is 200 kg/s, with setpoint changes to 180 kg/s,
the power consumption and the mass flows are selected 850 kg/s and 170 kg/s after 26 min, 53 min and 75 min,
Gaussian noises with standard deviationsOaf3%. Once  respectively. The initial inputs corresponds to the model
the controlled plant satisfies near steady-state condititve  optimum, that is, equal load distribution. The evolution of
measurements are averaged over a moving time window @fe torques applied to both compressors is shown in Figure 3.
10 sec. The torque perturbatiakr; , used to estimate the The evolution of the station mass flow, shown in Figure 4,
gradients is a step of siz& Nm. Instead of exciting at every follows the desired setpoint value even when the torques
RTO iteration, the perturbations are stopped once the cagte perturbed for the purpose of gradient estimation. Using
improvement becomes negligible. For instance, atktte - — 10-3 in (20), the perturbations are stopped after only
RTO iteration, excitation is not carried out if, for a given3-4 RTO iterations. The improvement in power consumption
e > 0, the following condition is met: with respect to equal load distribution varies fron6%
N N for 200 kg/s to1.1% for 150 kg/s, which is economically
21 PO Tk) = 2y P T significant. The zoomed-in window in Figure 4 shows that
YL, Prear k1)

the initial optimality loss of about.6% obtained for equal
, , , . load distribution is almost completely suppressed after th
in which case, the gradient modifiers are no longer updateﬁ(f,
The gradient estimation is restarted every time the totasma

st RTO iteration.
flow setpoint is varied. In order to obtain smooth transision 2) Six-compressor stationThe plant compressors 1 and
between steady states, the changes in both the mass-fldwse the map A, the compressors 3 and 4 the map B,

<e (20
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Fig. 5. Change in the total mass flow of the six-compressdiostgtop).
Evolution of power consumption of the station using the MAewe,
compared to the power consumption obtained via equal loattifdition
(bottom). The power consumption for the plant is plottedhaitt noise.

and the compressors 5 and 6 the map C in Figure 6. A
shown in the top plot of Figure 5, the performance of MA
is tested for several setpoint changes of the total mass flow.
The bottom plot of Figure 5 shows that, although the number
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Fig. 6. Comparison between the model efficiency map (greg)the plant
efficiency maps (red) for three different compressors. Tla@srare shown
as contour plots, whereas the dashed black lines reprelsenbpterating
range of the gas compressor.
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