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Abstract

In an Electric Submersible Pump (ESP) lifted oil field, the ESP of each oil well should be operated inside
its operating window. The total power consumed by the ESPs in the oil field should be minimized. The
speed of the ESPs and the production choke valve opening should be optimally chosen for maximizing
the total oil produced from the oil field. At the same time, the capacity of the separator should not be
exceeded. In this paper, nonlinear steady state optimization based on Sequential Quadratic Programming
(SQP) is developed. Two optimal control structures are proposed in this paper. In the first case, the
optimal pump speed is controlled by a PI controller by varying the electrical excitation signal to the
motors. The optimal fluid flow rate through each oil well is controlled by another PI controller by varying
the production choke valve opening. The paper shows that the production choke valve for each oil well has
to be always 100% open to maintain the optimal fluid flow rate. In the second case, the production choke
valves are considered to be always 100% open as hard constraints. The optimal fluid flow rate through
each oil well is controlled by a PI controller by varying the pump speed. It is shown that when the optimal
fluid flow rate is tracked by the controller, the speed of each of the pumps is equal to the optimal pump
speed calculated by the optimizer. This basically means that we can achieve the optimization objective
with the same optimal results as in the first case by using only a single PI controller. The limitations of
these two optimal control structures for very low values and for very high values of the separator capacity
are discussed. For the feasible range of separator capacities, the optimal locus of the fluid flow rate and
the pump speed are shown in this paper.
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1 Introduction

An electric submersible pump lifted oil well is an ar-
tificial lifting system where a submersible multistage
centrifugal pump is installed at the bottom of the well
bore. This down hole pump is used to increase the
pressure in the oil well to overcome the sum of flowing
pressure losses and hence to enhance oil production

doi:10.4173/mic.2013.2.2

from the reservoir. It utilizes a submerged electrical
motor to drive all the stages of the pump. Electrical
power is supplied to the motor by electric cables run-
ning from the surface (Takacs, 2009).

Fig. 1 shows an oil field with four oil wells. Each of
the oil wells is equipped with a bottom hole ESP unit
and a production choke valve. The oil produced from
each oil well is collected together in a common pro-
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Figure 1: Schematic of ESP lifted oil field

duction manifold. To ease the transportation of the
high viscous fluid produced from the reservoir over a
long distance, the viscosity of the fluid should be re-
duced. This is achieved by adding water to the produc-
tion manifold from one end by using a water injection
valve. The amount of water to be added is calculated
such that the water cut of the fluid in the production
manifold is at least 0.5. Two parallel transportation
lines are used to transport the fluid from the gathering
manifold to a separator located on the topside facility.
Each transportation line is fitted with a booster pump
which is used to increase the pressure to overcome the
sum of flowing pressure losses in the transportation
line. The amount of fluid produced from each oil well
can be varied by changing the speed of the pump. The
speed of the pump is changed by changing the electri-
cal frequency driving the motor. The production choke
valve in addition to the ESP can also be used to reg-
ulate the amount of fluid produced from the reservoir
by changing its valve opening.

Normally, each ESP is run at its nominal operating
frequency which usually is 60 Hz. However, operating
the oil field in such a manner might not always be
optimal. For example, it is not optimal to run the
pump at 60 Hz for a lower separator capacity because
the pumps are consuming higher power for lower flow
rate. The main objective is to produce maximum oil
from the oil field by using the least power consumed by
the ESPs. In addition, each ESP has its own operating
window. The speed of the ESP should be within a
minimum of 45 Hz to a maximum of 80 Hz. The flow
rate through the ESP for a given frequency should be
within its lower and upper flow rate limits. Operating
an ESP pump outside the window reduces the life of
the pump due to excess upthrust or downthrust acting
on the pump. At the same time, the separator capacity
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should be fully utilized and must not be exceeded. So
the main challenge is to find out the optimal speed of
the pump and the optimal flow rate through each oil
well that will satisfy all the optimal working conditions.
The main operational expense in an ESP lifted oil field
considered in this paper is the cost of electricity used
by the pumps. So from an economic point of view,
the optimal operating condition would be to produce
maximum oil by using least power and also to enhance
the life of the pumps by running the pumps well inside
the operating window.

Numerous literature on optimization and control of
multi-pump systems can be found as in Westerlund
et al. (1994), Pettersson and Westerlund (1996), Peder-
sen and Yang (2008) and Yang et al. (2012). However,
none of the literature deal with the optimal operation
of an ESP lifted oil field. A brief description of the
model of the oil field is given in Section 2. Two opti-
mal control strategies utilizing a steady state optimizer
and PI controllers have been developed in this paper.
In the first optimal control structure, the speed of the
pump is controlled by changing electrical frequency and
the well flow rate is controlled by changing the produc-
tion choke valve openings. Two separate PI controllers
are used as described in Section 3. Detailed discus-
sion on the simulation results for this optimal control
strategy is done in Section 4. The limitations of the
first control structure for very low as well as very high
separator capacity is discussed in Section 4.2. In the
second optimal control strategy, the optimal well flow
rate is controlled by varying the pump speed while al-
ways keeping the production choke valve fully opened.
Only one PI controller is used for control as described
in Section 5. Discussion on the simulation results for
the second control structure and comparison with the
first case has been done in Section 6. The limitations of
the second control structure is discussed in Section 6.1.
The increase in the profit obtained from the oil field due
to optimization is discussed in Section 7. Finally the
conclusion of the findings of this paper is summarized
in Section 8.

2 MODEL OF THE OIL FIELD

A detailed model of the oil field including the model
of the pump and the oil wells can be found at Sharma
and Glemmestad (2013). In this paper, only the final
equations of the oil field model have been rewritten.
The superscript i and j denote the i*" oil well and the
4t transportation pipeline.
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2.1 ESP Model

The height at which a pump can raise the fluid it is
pumping is called the head of the pump. A curve
of pump flow rate versus pump head called the head
characteristic (H{,,(Q, f)) of the i"* multi-stage ESP
for pumping viscous fluid for any given frequency f is
written as a third order polynomial,

Q)

o (1)
Here, ag, ai,...,a4 are the polynomial coefficients for
the base frequency fo = 60 Hz and Q(f) is the fluid
flow rate through the ESP. The Brake Horse Power
(BHP) characteristic (BHP!,,(Q, f)) of the i'" ESP
for pumping viscous fluid for any given frequency f is
written as a fourth order polynomial,

H (@0 ) = gfﬁﬁﬁﬂxn+@Q%n

BHﬂw@J?=%f“V%FQG%+%ﬂfU)
J @)
-%ﬁ%ﬁ+%h¢0)

Here, af, ai,...,a% are the polynomial coefficients for
the base frequency fo = 60 Hz. The minimum
(Q: .. (f)) and the maximum (Q¢,,,(f)) viscous fluid
flow rate through the ESP for any given frequency f
can be calculated as,

f

; /
%Qlfo,min

max(f) = %Qfo,max

min(f) = (3)
Here, Q;D,mm and Q;}mmax are the minimum and max-
imum flow rates through ESP pumping viscous fluid at
fo- The differential equations representing the dynam-

ics of each *" oil wells are,

i = w + Hes ) i L:‘
q Pz(U +LZ {P,, on + PigHL,(ai, 1)) — pig
—pigL; — AP} — AP}
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8 &
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Here, qi,qr,qc,q:r are the average fluid flow rates

through a well, from reservoir into tubing, through

production choke valve and through transportation
pipeline respectively. Ay, L;, A, L, are the cross sec-
tional areas and lengths of tubing in section I and II
respectively. Ay, Ly, A, Ly, are the cross sectional
areas and lengths of transportation pipeline and gath-
ering manifold respectively. Py ¢, Pun, Pman, Ps are the
bottom hole, well head, gathering manifold and separa-
tor pressures. Heyy, Hy, are the head produced by the
ESP and booster pumps. pj, pr are the densities of
fluid flowing through the well and transportation line.
APf, AP;, AP are the pressure losses due to friction
in Section I and II of the tubing and in transportation
pipeline. f! is the speed of the pump, B is the bulk
modulus of reservoir fluid and ¢}, is the total fluid
(including injected water) flowing into the gathering
manifold.

¢ can be expressed using the Productivity Index
(PI) model (Takacs, 2009; Sharma et al., 2011) and
reservoir pressure P, as,

¢, = PI'(P, — (9)

q% can be expressed using the standard flow equation
ANSI/ISA S75.01 developed by Instrument Society of
America (ANSI/ISA S75.01, 1989) as,

maxP —
q —NGOU( )\/ ( hpz‘
1

1i)f)

Pmcma O)

(10)

Here, Ng = N5/(3600v/10%) with Ng = 27.3. The valve
characteristic as a function of its opening (C,(u?)) is
modeled by three linear equations by fitting the data
supplied by the choke supplier as,

0 ut <5
Cy(u') =< 0.111u* — 0.556 5 <u’ <50  (11)
0.5u" — 20 u’ > 50

The pressure loss due to friction is calculated using
Darcy-Weisbach formula (Brown and Beggs, 1977) as,

fpLpv®
2D,

Here, p is the density of fluid flowing through the
pipeline, Dy, is the hydraulic diameter of the pipe and
v is the velocity of the fluid. The Darcy friction factor
fp can be evaluated using Serghide’s explicit approxi-
mation to Coolebrook-white equation (Serghide, 1984).

APy = (12)

3 STEADY STATE
OPTIMIZATION AND
CONTROL: CASE |

In case I, a Steady State Optimizer (SSO) calculates
the optimal fluid flow rate and optimal pump speed.

o7
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Figure 2: Optimal control structure with two PI con-
trollers

These are then provided as set points to two PI con-
trollers. The first PI controller controls the speed of
the pump by varying the electrical frequency. The sec-
ond PI controller controls the fluid flow rate through
the well by varying the production choke valve opening
as shown in Fig. 2

3.1 Optimization problem formulation

The main objective is to maximize profit from the oil
field. This can be achieved by maximizing the income
from total oil production, minimizing the expenses of
total electric power consumed by the pumps and mini-
mizing the cost occurring in the operation of the sepa-
rator. Let N = 5 be the number of oil wells, N, = 2 be
the number of transportation lines, C, be the unit price
of crude oil, C, be unit price of the electrical power,
C, be unit price for running the separator and WC?
be the water cut for each well. Then the optimization
problem in terms of minimization can be written as,
minimize
N
J(fra QI) =-C, Z (1 - chlu) Q;

i=1

N N, g (13)
BHP(f!.q J =
+C€; ( r7ql)+csjz:;qtr(m) |:day:|
subject to

nonlinear equality constraints given by,

1. The steady state process model (1) - (12) by set-
ting the first order derivatives to zero.

o8

2. The flow handling capacity of the separator(gg;;,”)
should be fully utilized.
Ny )
Y ah =i (14)
j=1

nonlinear inequality constraints given by,

1. The ESP intake pressure (P:5") should be greater
than the bubble point pressure (P}, ) to avoid cav-
itation.

Pl 4 B <0

esp

(15)

2. The fluid flow rate through the pump should be
within the operating window.

|- inaa: ; <0
in : (fi) (16)
= + Quuin(f7) <0
3. The speed of the pump should be within 45 Hz to
80 Hz.

fi—80<0

_ (17)

—fi+45<0

4. The production choke valve openings should be
within 0 to 100.

u'—100<0

) 18
—u'4+0<0 (18)

4 SIMULATION RESULTS AND
DISCUSSION FOR CASE |

The optimization problem of (13) - (18) was solved
using MATLAB optimization toolbox and Sequential
Quadratic Programming (SQP) method. To obtain the
optimal solution as close as possible to the global so-
lution, multi-start search engine of the optimization
toolbox was used. The PI controllers were tuned by
trial and error procedure. The production choke valves
cannot be opened by more than 1% per second and the
speed of the ESPs cannot be changed by more than 1
Hz per second.

For illustration, separator with 10000 m?/day fluid
handling capacity has been considered at first. Ini-
tially, the oil field is running at its steady state how-
ever in an non-optimal manner. Until t = 90 seconds,
the production choke valve openings of each well are
kept at 60% open (Fig. 3(a)) and the ESP is running
at 75 Hz, 65 Hz, 60 Hz and 70 Hz for well 1 to well 4
respectively (Fig. 3(b)). The non-optimal total power
consumed by all the ESPs is 2259.5 HP (Fig. 3(c)).
The non-optimal total oil produced from the field is
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Figure 3: Optimal control of ESP oil field using two PI controllers.
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4303.5 m3/day as shown in Fig. 3(d). The oil field is
producing less than what the separator can handle as
shown in Fig. 3(f).

At t = 90 seconds, the SSO was ex-
ecuted once. The optimal pump speed
[59.95,59.89,60.01,59.91]7 Hz and the optimal fluid
flow rate [1900.81,2088.93,1734.14,1968.43]7 m3/hr
calculated by the SSO were provided as the set points
to the two PI controllers. The controllers track the
optimal set points and at the steady state after t >
90 seconds, the separator is fully utilized (Fig. 3(f)).
The total power consumed by the pumps are lowered
to 1634.7 HP (Fig. 3(c)) and the total oil produced
from the field is increased to 5000 m?/day (Fig. 3(d)).
All the wells are operating well within their operating
window as shown in Fig. 3(e). The most important
thing that can be observed is that the production
choke valves i.e. the control signal provided by flow
controller are exactly 100% opened (Fig. 3(a)). This
means that the wells will produce optimally when
the valves are fully opened. The SSO can be used to
calculate the optimal pump speed and the optimal
fluid flow rate for each oil well for a wide range of
separator capacities. Table 1 lists the optimal pump
speed, optimal fluid flow rate, optimal total BHP and
optimal total oil production for a separator capacity
ranging from 7500 m?/day to 13500 m?/day.

For different separator capacity, the optimal control
structure will operate the ESP for each oil well inside
its operating window. The locus or path of the optimal
pump head against the pump flow rate for different sep-
arator capacity is shown in Fig. 4. Similar to the case
for ggeh = 10000 m3/day, for each separator capacity,
it can shown that the production choke valve has to
be always 100% open in order track the optimal fluid
flow rate calculated by the SSO. By common sense, this
is correct since operating the pump at a higher speed
while closing the choke valve at the same time is only

60
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Figure 5: Total fluid flow illustrating that the system
exhibits inverse response characteristics

a waste of energy consumed by the ESP.

4.1 Comments on inverse response

From Fig. 3(d) and Fig. 3(f), it can be seen that the
system shows inverse response for special combination
of the direction of valve openings and the pump speeds.
This inverse response is due to a special dynamics of
the system when both the speed and the flow rate con-
trollers are acting on the system at the same time after
t = 90 seconds to track the respective set points. The
controllers decrease the speed of the pumps (Fig. 3(b))
causing the fluid flow to decrease. At the same time
the valve openings are increased towards 100% opening
(Fig. 3(a)) causing the fluid flow to increase. These two
actions which are opposite to each other when acted on
the system simultaneously give rise to multi-variable
inverse response. To illustrate this, the valve openings
are frozen momentarily at t = 90 seconds and with-
held to the values before the SSO was invoked. Only
the pump speed controller is allowed to track the new
optimal pump speed set points generated by the SSO.
As can be seen from Fig. 5, due to decreasing of the
pump speeds, the total fluid flowing from the oil field
first lowers down. After about t = 140 seconds when
the optimal pump speeds have been tracked and are
at their steady states, the production choke valves are
allowed to be controlled by the flow rate PI controllers.
The valve openings are then taken to their maximum
opening of 100% and the total fluid production from
the oil field increases to meet the separator capacity
(see Fig. 5).

4.2 Limitation

There is a limitation of this optimal control structure to
very low separator capacity. At t = 90 seconds, the sep-
arator capacity is reduced from 10000 m?/day to a very
low value of 6000 m?3/day. Until t = 90 seconds, the
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Table 1: Optimal operation of ESP oil field for different separator capacities for case I

Separator Total BHP  Total oil prod. Optimal pump speed Optimal fluid flow rate

capacity [HP] [m?3/day) [HZ] [m?3/day]

[m?/day] welll well2 well3 well4d  well 1 well 2 well 3 well 4
7500 753.32 3750 46.47  46.27  46.29 4649  1422.82 1602.71 1252.13  1491.57
8000 895.77 4000 48.88  48.85 48.86 49.86 1503,.64 1692.03 1337.66 1620.52
8500 1053.75 4250 51.76 51.78 5198 51.77 1610.01 1798.52 1451.25 1678.69
9000 1229.69 4500 54.49 5446 54.76 54.46 1706.12 1893.76 1549.32 1773.87
9500 1422.51 4750 57.25 57.21 57.28 57.22  1804.71 1992.61 1637.71 1872.67
10000 1634.68 5000 59.95 59.89 60.01 59.91 1900.81 2088.93 1734.14 1968.43
10500 1866.35 5250 63.04 63.04 62.35 62.11 2016.38 2207.37 1811.67 2041.51
11000 2117.35 5500 65.31 65.24 65.43 65.28 2092.56 2281.17 1926.63 2161.18
11500 2389.45 5750 67.99 6791 68.11 67.95 2188.82 2377.72 2022.23 2257.39
12000 2683.11 6000 70.65 70.56 70.79 70.61 2284.81 2473.68 2118.72 2353.55
12500 2999.14 6250 73.32 73.21 73.48 73.27 2381.4  2569.51 2215.18 2449.30
13000 3338.34 6500 75.98 75.85 76.15 75.92 2477.53 2665.21 2311.69 2545.57
13500 3701.50 6750 78.63 78.50 78.81 78.57 2573.53 2761.74 2407.65 2641.69

Production Choke Valve openings 5000 Working windgggofor ESP
= =0 45H7 well 1 £ well 2
g ﬂn;vrate [BIPSD] X 1042 o8 flojvrate [BllfD] X m‘z
g 2000 / E 2000
well 3 well 4
0 5‘0 160time [sec]l‘so 260 250 o8 ﬂo;vrate [BlPSD] X 1042 ¢ floévrate [B‘IPSD] X 1,3“2
Figure 6: Production choke valve openings for very Figure 7: Operating window of ESPs for very lower

lower separator capacity

production choke valves of all the wells are fully open.
However, after t = 90 seconds, for this very low value of
separator capacity, the production choke valves of some
of the wells have to be operated below 100% to track
the optimal fluid flow rate calculated by the SSO for
this lower separator capacity as shown in Fig. 6. The
valves opening have to be decreased in order to increase
the pressure drop across the valve when head generated
by the pumps for lower pump speed is not sufficient.
The valve openings of wells 4, 3 and 1 have to be opened
to about 56%, 57% and 71% respectively. The ESPs
of all the wells are running at their lower permissible
speed of 45 Hz as can be seen from the window diagram
shown in Fig. 7. The optimal fluid flow calculated by
the SSO is [934.8,1619.6,1126.2,934.8]7 m3/day for
each oil well. The total optimal power consumed by
the ESPs is about 650 HP and the total optimal oil
produced from the field is 3000 m?/day.

Similarly, the limitation also arises for a very high
separator capacity. At t = 90 seconds, the separa-
tor capacity is increased to a very high value of 16000

separator capacity

m?3/day and the SSO is activated once. In this case,
for t < 90 seconds, the oil field is still operating non-
optimally with valves not fully opened as shown in Fig.
8. The optimal set points calculated by the SSO are
provided as set points to the PI controllers. The op-
timal pump speed which is 80 Hz for all the wells for
this very high value of separator capacity is tracked by
the speed controllers as can be seen from the window
diagram in Fig. 9. However, the optimal flow rate set
points are not tracked by the controllers. All the valves
are 100% open as shown in Fig. 8 but for the controllers
to track the optimal fluid flow rates, the valves have to
be opened by more than 100% which is not possible.
So, the separator capacity is not fully utilized and the
wells are producing less than what the separator can
handle as shown in Fig. 10.
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5 STEADY STATE
OPTIMIZATION AND
CONTROL: CASE 1l

In this case, a SSO calculates the optimal flow rate
and optimal pump speed just like in Case I, however
the constraints are defined in a slightly different way
for this case. From the simulation results of Case I, for
the separator capacity ranging from 6500 m?/day to
13500 m?/day, it was shown that the production choke
valves have to be always 100% open for tracking the
optimal flow rate set points. This behavior of the oil
well for optimal operation has been utilized in this case.
The production choke valves are considered to be fully
opened and are considered as hard equality constraints
that have to be satisfied. The optimal flow rate value
is provided as the set point to a PI controller. The
controller tracks the set point by changing the speed
of the pump as shown in Fig. 11. The resulting control
structure is simpler than the first case since it utilizes
only a single PI controller.

5.1 Optimization problem formulation

The objective of the oil field process optimization is
exactly the same as in case I. It is to maximize the
profit from the oil field. The objective function of the
optimization problem is the same as given by (13) and
is simply re-written here as,
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minimize
N
J(frrq) = _COZ (1-wcey)q
N - ljvlb | . (19)
+0. 3 BHPFhal) + € S EA
subject to

nonlinear equality constraints given by,

1. The steady state process model (1) - (12) by set-
ting the first order derivatives to zero.

2. The flow handling capacity of the separator(q/;,”)
should be fully utilized.
Ny )
> o=y (20)
j=1

3. The production choke valves are considered to be
always fully opened.

u' =100 (21)

nonlinear inequality constraints given by,

1. The ESP intake pressure (P/7;") should be greater
than the bubble point pressure (P} ;) to avoid cav-
itation.

— PG+ Py <0

(22)

2. The fluid flow rate through the pump should be
within the operating window.

q; - inaat(frl) < 0 (23>
=i + Qrin(f) <0

3. The speed of the pump should be within 45 Hz to
80 Hz.

fi—80<0

, 24
—fi4+45<0 24

6 SIMULATION RESULTS AND
DISCUSSION FOR CASE II

The optimization problem of (19) - (24) was solved us-
ing MATLAB optimization toolbox and SQP method.
Like in the first case, a multi-start search engine of the
toolbox is used for this case also. The maximum rate
of change of the control signal i.e. the maximum rate
of change of the pump speed is 1 Hz/sec.

The same separator capacity of 10000 m?/day as in
Case I is considered at first for easy comparison be-
tween the two control structures. Initially, for t <
90 seconds, the oil field is running in a non-optimal
manner at its steady state. Although the production
choke valves are always kept at 100% open, the ESPs
of each oil wells are running with non-optimal speed
and hence producing non-optimal fluid production of
[2229.4,1945,1317.2,2061.9]7 from each of the wells re-
spectively as shown in Fig. 12(a). In other words,
the total fluid produced from the reservoir is less than
what the separator can handle (Fig. 12(b)). Thus the
power consumed will also be less but it is non-optimal
power consumption (Fig.12(c)). The total non-optimal
oil produced from the oil field is about 4850 m?/day
(Fig. 12(d)).

At t = 90 seconds, the optimizer was ex-
ecuted once. The optimal fluid flow rate of
[1902.3,2089.1, 1729, 1971.9]7 m3 /day for well 1 to well
4 respectively were provided as the set points to the
flow rate controller. The controllers track the set points
and at the steady state after t > 90 seconds, the separa-
tor is fully utilized (Fig. 12(b)). The optimal fluid flow
rates calculated by the SSO in this case are very sim-
ilar to the ones calculated in the first case. The total
power consumed by the ESPs at their optimal steady
state is exactly equal to the first case of 1634.68 HP
(Fig. 12(c)). Similarly, the total optimal oil produced
from the oil field with this control structure is exactly
equal to the first case of 5000 m?/day (Fig. 12(d)).
This means that profit from the oil field for the given
separator capacity is exactly the same for both control
structures.

Moreover, when the oil field reaches its steady state
after the optimizer was activated once, the control sig-
nal generated by the controllers i.e. the speed of the
pumps required to maintain the optimal flow rates are
found out to be [59.98,59.90,59.91, 59.98]" (Fig 12(f)).
Comparing it to the optimal pump speed values of
Table 1 for case I for a separator capacity of 10000
m3/day, it can be seen that these two values are very
similar to each other. This means that, with the pro-
duction choke valves fully opened, the ESPs must run
at optimal speed to maintain the optimal flow rate cal-
culated by the SSO. Similarly, with this control struc-
ture with only a single PI controller for each oil well,
the ESPs are operating well within their operating win-
dow as seen in Fig. 12(e). A careful observation of
the operating window diagram reveals that the opti-
mal working point for each oil well for both the control
structures is exactly the same (see the red dots in the
window diagrams for both cases i.e. Fig. 3(e) and Fig.
12(e)). Table 2 lists the optimal pump speed, optimal
fluid flow rate, optimal total BHP and optimal total oil
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Figure 13: Optimal locus of the pump head inside its
operating window for different separator ca-
pacities for case II

production for a separator capacity ranging from 7500
m3 /day to 13500 m3/day.

For different separator capacities, the optimal con-
trol structure will operate the ESP for each oil well
inside its operating window. The locus or path of the
optimal pump head against the pump flow rate for dif-
ferent separator capacity is shown in Fig. 13. Compar-
ing Fig. 4 and Fig. 13, it can be seen that the optimal
locus followed by the pumps of each oil well for both
the control structures are exactly the same.

Similar to the case for ¢52? = 10000 m?/day, for each
separator capacity, it can be shown that the value of
the optimal pump speed (controller output) required
to maintain the optimal fluid flows is very similar to
the values listed in Table 1. Comparison of the data
from Table 1 and Table 2 for both control structures
shows that both strategies produce exactly the same
amount of crude oil from the oil field for different sep-
arator capacities. The optimal fluid flow rates and the
optimal pump speeds for different separator capacities
are almost the same for both cases. Similarly the BHP
required by the pumps for producing the optimal fluid
from each oil well are almost the same for both control
strategies. In other words, utilizing the same power
consumption and for the same separator capacity, both
the control system strategies yield the same profit from
the oil field. However, control structure I uses two sep-
arator PI controllers for each oil well. The optimal
control structure II utilizes only a single PI controller
for each oil well and produces the same optimal results
as case 1. In this respect, it makes control structure II
simpler and better than control structure I.

6.1 Limitation

The control structure for case II also has the same lim-
itations as the first control structure i.e. for a very
low and for a very high separator capacities, the con-

x10° Profit from the oil field

control structure 1
control structure 2

Objective function, J [$/day]

100 150 200
time [sec]

Figure 14: Profit from the oil field due to optimization

trol structure fails to provide optimal results. In the
second control structure, the hard equality constraint
of u = 100% has to be satisfied. From case I, it was
shown that for very low separator capacities (< 6500
m?3/day), the valves have to be closed below 100% to
maintain the optimal flow rate calculated by the SSO.
In case 2, the same applies and the equality constraint
of (21) will not be satisfied. The SSO will not be able
to converge to a solution. Similarly for very high sepa-
rator capacities (> 13500 m?/day), from case I, it was
shown that the valves have to be opened above 100% to
maintain the optimal flow rate calculated by the SSO.
In case 2, the equality constraint of (21) will not be
satisfied again and hence the SSO will not be able to
converge to a solution.

7 PROFIT DUE TO
OPTIMIZATION

The objective criterion of (13) and (19) is the profit
obtained from the oil field. The profit is calculated by
subtracting the cost of the electricity consumed by the
pumps and the operating cost of the separator from
the income made by selling crude oil. Assuming C,
= 110 $/barrel, C, = 9.1 cents/KWhr and Cs = 1
$/barrel, it is shown that the result of optimization is
the increase in the profit from the oil field as shown
in Fig. 14. Until t = 90 seconds, the oil field is op-
erating in two different non-optimal manners with a
profit of about $2.9x10% and $3.3x10° per day for the
control structures of case I and case II respectively. Af-
ter the steady state optimization is performed at t =
90 seconds, both the control structures operate the oil
field in an optimal manner. At the steady state, the
profit curves are increased to about $3.4x10° per day
for both the cases as shown in Fig. 14. This also shows
that the control structures for cases I and II are equiv-
alent. Thus optimal operation of the oil field increases
the profit. As an example, for the oil field with control
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Table 2: Optimal operation of ESP oil field for different separator capacities for case II

Separator Total BHP  Total oil prod. Optimal pump speed Optimal fluid flow rate

capacity [HP] Giot [m?/day] [Hz] [m?/day]

[m?/day] well 1T well 2 well3 well4d welll  well2  well3  well 4
7500 753.33 3750 46.40 46.36  46.34 46.40 1419.89 1606.64 1254.68 1488.02
8000 895.65 4000 49.27 4846  49.15 49.53 152248 1674.16 1351.65 1605.55
8500 1053.75 4250 51.82 51.68 52.02 51.78 1612.60 1793.58 1453.12 1679.16
9000 1229.57 4500 54.20 53.93 55.86 54.09 1692.31 1869.09 1605.23 1756.44
9500 1422.51 4750 57.29 57.16 57.23 57.28 1806.91 1990.28 1635.28 1875.22
10000 1634.69 5000 59.98 59.90 59.91 59.98 1902.29 2089.13 1728.98 1971.91
10500 1866.03 5250 62.64 62.55 62.72 62.61 1996.92 2184.31 1830.19 2065.51
11000 2117.35 5500 65.31 65.23 65.43 65.28 2092.81 2280.91 1926.64 2161.17
11500 2389.45 5750 68.00 67.86 68.11 67.97 2189.60 2375.80 2022.32 2258.44
12000 2683.11 6000 70.67 70.54 70.78  70.63 2285.78 2472.97 2117.77 2354.24
12500 2999.15 6250 73.34  73.15 73.56 73.21 2382.46 2566.89 2219.31 2446.73
13000 3338.35 6500 76.05 75.75  76.19 75.89 2481.29 2660.60 2313.86 2544.25
13500 3701.53 6750 78.69 7857 7887 7838 2576.49 2765.01 2410.80 2632.31

structure of case I, the increase in the profit is about
$50x10* per day.

8 CONCLUSION

SSO providing optimal set points to local PI controllers
can be used to optimally operate the ESP lifted oil
field. Non-optimal pump speed as well as non-optimal
production choke valve openings can cause the process
to consume unnecessary power and also to produce less
oil. Among the two optimal control strategies, the con-
trol strategy of case II uses only one PI controller for
each oil and thus is simpler and better than the con-
trol structure of case I. For both cases, the SSO has
to be activated only once when the process reaches the
steady state. However, each time a process disturbance
occurs, the SSO has to be invoked again. Consider-
ing that the separator capacity is the only disturbance
present in the system, the optimal fluid flow rate and
the optimal pump speed for each well can be computed
and the optimal locus of the pump head can be traced
out in advance. The control strategies will always op-
erate the ESPs well within their operating window and
hence enhance their lifespan. The energy consumed by
the booster pumps has not been taken into account in
this paper, but it can be easily added in the optimiza-
tion problem formulation. In conclusion, the profit
from the oil field is increased when the field is oper-
ated optimally.

References

ANSI/ISA S75.01. Flow Equations for Sizing Control
Valves, Standards and Recommended Practices for

66

Instrumentation and Control, vol 2, 10th edition,
1989.

Brown, K. E. and Beggs, H. D. The technology of ar-
tificial lift methods, Volume 1, Inflow Performance,
Multiphase flow in pipes, The flowing well. PennWell
Publishing Company, Tulsa, Oklahoma, ISBN: 0-
87814-031-X, 1977.

Pedersen, G. and Yang, Z. Efficiency optimization of
a multi-pump booster system. In Proc. of Genetic
and FEvolutionary Computation Conference. Atlanta,
Georgia, USA, pages 1611-1618, 2008.

Pettersson, F. and Westerlund, T. Global optimization
of pump configurations using binary separable pro-
gramming. Journal of Computers and Chemical En-
gineering, 1996. 21(21):521-529. doi:10.1016/S0098-
1354(96)00285-2.

Serghide, T. K. Estimate friction factor accurately.
Chemical Engineering, 1984. 91(5):63—64.

Sharma, R., Fjalestad, K., and Glemmestad, B. Mod-
eling and control of gas lifted oil field with five oil
wells. In 52nd International Conference of Scandina-
vian Simulation Society, SIMS 2011. Visteras, Swe-
den, pages 47-59, 2011. ISBN: 978-91-977493-7-4.

Sharma, R. and Glemmestad, B. Modeling and simu-
lation of an electric submersible pump lifted oil field.
Submitted to International Journal of Oil, Gas and
Coal Technology, 2013.

Takacs, G. Electric Submersible Pumps Manual: De-
sign, Operations and Maintenance. Gulf Professional
Publishing, Burlington, USA, 2009.


http://dx.doi.org/10.1016/S0098-1354(96)00285-2
http://dx.doi.org/10.1016/S0098-1354(96)00285-2

Sharma and Glemmestad, “Optimal control strategies with nonlinear optimization for an ESP lifted oil field”

Westerlund, T., Pettersson, F., and Grossmann, I. Op-
timization of pump configurations as a minlp prob-
lem. Journal of Computers and Chemical Engi-
neering, 1994. 18(9):845-858. doi:10.1016,/0098-
1354(94)E0006-9.

Yang, Z., Soleiman, K., and Lhndorf, B. Energy ef-

ficient pump control for an offshore oil processing
system. In Proc. of the 2012 IFAC Workshop on
Automatic Control in Offshore Oil and Gas Produc-
tion. Norwegian Univesity of Sciences and Technol-
ogy, Trondheim, Norway, pages 257-262, 2012.

67


http://dx.doi.org/10.1016/0098-1354(94)E0006-9
http://dx.doi.org/10.1016/0098-1354(94)E0006-9
http://creativecommons.org/licenses/by/3.0

	Introduction
	MODEL OF THE OIL FIELD 
	ESP Model

	STEADY STATE OPTIMIZATION AND CONTROL: CASE I 
	Optimization problem formulation 

	SIMULATION RESULTS AND DISCUSSION FOR CASE I 
	Comments on inverse response 
	Limitation 

	STEADY STATE OPTIMIZATION AND CONTROL: CASE II
	Optimization problem formulation

	SIMULATION RESULTS AND DISCUSSION FOR CASE II
	Limitation

	PROFIT DUE TO OPTIMIZATION 
	CONCLUSION 

