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ABSTRACT: In deep drilling applications, such as those for geothermal energy, there are many challenges, such as
those related to efficient operation of the drilling fluid (mud) pumping system. Legacy drilling rigs often use paired,
parallel-connected independent-excitation direct-current (DC) motors for mud pumps, that are supplied by a single
power converter. This configuration results in electrical power imbalance, thus reducing its efficiency. This paper
investigates this power imbalance issue in such legacy DC mud pump drive systems and offers an innovative solution
in the form of a closed-loop control system for electrical load balancing. The paper first analyzes the drilling fluid
circulation and electrical drive layout to develop an analytical model that can be used for electrical load balancing and
related energy efficiency improvements. Based on this analysis, a feedback control system (so-called “current mirror”
control system) is designed to balance the electrical load (i.e., armature currents) of parallel-connected DC machines
by adjusting the excitation current of one of the DC machines, thus mitigating the power imbalance of the electrical
drive. The proposed control system effectiveness has been validated, first through simulations, followed by experimental
testing on a deep drilling rig during commissioning and field tests. The results demonstrate the practical viability of
the proposed “current mirror” control system that can effectively and rather quickly equalize the armature currents
of both DC machines in a parallel-connected electrical drive, and thus balance both the electrical and mechanical
load of individual DC machines under realistic operating conditions of the mud pump electrical drive.

KEYWORDS: Deep drilling; mud pump electrical load balancing; direct current motor excitation control; armature
current mirroring; field tests

1 Introduction
Recently, geothermal energy has garnered interest as a renewable energy source for applications such

as building heating [1] and industrial processes [2]. The technology of single-well geothermal heating has
recently gained attention as a novel way to heat buildings, so a mathematical model has been proposed in [1]
to assess the possibilities of reducing the thermal resistance and increasing the effectiveness of the overall
geothermal heating system. Accurate prediction of drilling costs is crucial for the development of ultra-deep
geothermal wells [3], thus aiding in budgetary planning and improving the project’s return of the investment.

Deep drilling applications, such as those used in geothermal well production, pose significant chal-
lenges regarding energy efficiency and environmental sustainability [4]. The drilling process itself demands
substantial energy consumption to power the heavy machinery, circulate drilling fluids, and manage waste
products, which creates a substantial carbon footprint [4]. Additionally, drilling fluids can contain chemicals
which could be potentially harmful to surrounding ecosystems if not properly handled [5]. Mitigating these
impacts requires careful planning for optimized energy use, the selection of less harmful drilling fluids, and
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the implementation of robust waste management and disposal strategies [6]. Furthermore, ongoing research
into new drilling methods and modern drilling equipment with reduced environmental footprints holds
promise for the future of deep drilling operations [7].

One of the ways in which any industrial process can be made more environmentally friendly, especially
in terms of energy efficiency, would be through replacing the old drilling equipment that is frequently less
efficient and more demanding in terms of maintenance with new one [8]. However, any mature industrial
machinery technology, especially that used for heavy-duty applications, can be very difficult to replace from
the standpoint of costs and time required for the replacement, field testing, and commissioning [8]. Hence,
this could be an unsustainable solution for many small-to-medium scale companies, which prompts those
companies to seek alternative means of prolonging the useful service life of mature equipment through
retrofitting [9]. It has been shown in [10] that retrofitting deep drilling rigs can represent a small fraction of
the brand-new equipment costs, thus making retrofitting quite affordable compared to complete replacement
(which may also entail dismantling and salvaging costs). With heavy-duty equipment for deep drilling (see,
e.g., [11]) having multiple applications, especially in the context of exploration and exploitation of geothermal
energy [12], it is worthwhile examining the possibility of adapting and modifying the existing deep drilling
rigs [13] and their electrical drive systems with the minimum of added costs.

High-power electrical drives are classified as those ranging in their rated power from just under 1
to 10 MW and more [14]. In applications that require such electrical drives, opting for partial or full
retrofitting instead of purchasing brand-new turnkey solutions can result in significant savings, especially
when considering that high-power electrical machines can easily have a life cycle of 30 years or more,
which can be further extended through retrofitting [15]. One of the main issues with controlled electrical
drives is that electrical drive power converter life cycles are typically estimated to lie between 10 and 20
years of continuous operation [16], while the provision of spare parts by the power converter equipment
manufacturer may not be extended indefinitely for the product line in question [15]. In some applications,
the maintenance costs may play a crucial role regarding the choice between retrofitting and replacement,
such as in the case of direct-current (DC) electrical drives [17]. In all those cases, it is upon the operator to
assess which kind of upgrade is the most favorable in terms of cost, service, electrical drive reliability, and
availability of suitable drive vendors [15].

The most convenient and flexible upgrades in electrical drive systems are those related to service
software and its specialized functions [15]. This is especially the case for electrical drives that need to satisfy
precise speed control in the presence of emphasized transmission compliance and friction [18], but also for
any other type of nonlinear behavior within the drive that degrades the electrical drive performance. One of
the most challenging problems in deep drilling applications is the coordinated control of pumps for drilling
fluid (mud) circulation, whose electrical drives need to be speed-controlled to maintain the required fluid
flow rate while being subject to notable pressure pulsations due to piston-type pumps used in such heavy-
duty applications [9]. Good mitigation of pressure pulsations can be achieved by synchronizing the axle
positions of motors driving individual pumps with respect to piston position [19], and such commercial
solutions are already available for modern controlled electrical drives [20].

Such open-loop controlled electrical drives utilizing high-power independent excitation direct-current
(DC) electrical machines can still be found in the field, such as on the heavy-duty deep drilling rig utilizing
a dual DC electrical machine pump drive [21]. The drilling rig in question has been recently retrofitted
with modern power electronics systems (DC motor power converters) [22] configured for open-loop speed
adjustment of the pump drive via armature voltage and excitation current control. In that application
resembling the original (legacy) solution, the armatures of the two independently excited DC machines
are connected in parallel and supplied from a single thyristor-based power converter [23]. This makes
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equalizing the current loads of individual DC motors a very challenging task, as was the case for the dual
DC electrical drives being retrofitted with brand new digitally controlled thyristor-based power converter
for armature power supply, which did not include the control algorithm for armature current balancing (the
so-called “current mirror” control system). Namely, in such an application, the existing legacy equipment
can be upgraded to a higher performance category by means of retrofitting, which may prove to be rather
inexpensive when compared to purchasing brand new solutions while also prolonging the equipment’s useful
service life. Some examples of successful retrofitting applications of deep drilling systems can be found
in [9], wherein relatively small investments into the control hardware and software upgrades have resulted
in enhanced functionality of the drilling systems in question.

In the case considered herein, the high-power electrical drives built around DC electrical machines
working in tandem have been upgraded to a higher performance category by means of retrofitting the
power electronics hardware and related control software, wherein the latter also included a control strategy
for balancing electrical power between individual electrical machines that are operated in the open-loop
configuration. This relatively inexpensive measure can be beneficial with respect to prolonging the useful
service life of individual DC electrical machines and reducing their maintenance requirements. In particular,
the hypothesis of this work is that a closed feedback loop can be established via a suitable controller that
balances the armature currents of DC electrical machines with armatures connected in parallel on a single
power converter. The selected control system structure based on measurements of armature currents of both
machines and adjusting the excitation current of one of the DC machines to match the armature current
drawn by the other electrical machine by means of a proportional-integral (PI) controller is termed “current
mirror” control system in this paper.

The main challenges and related benefits addressed by the proposed mud pump load balancing system
retrofitted to the existing dual parallel-connected DC machine-based electrical drive are as follows. Firstly,
the proposed load balancing system addresses the unequal load distribution of the open-loop voltage-
controlled dual DC machine electrical drive by means of feedback control action, which results in equal
armature currents of individual parallel-connected DC machines. Consequently, the balancing of individual
DC machine armature currents results in reduced heat losses, which, in turn, may lessen the aging of the DC
machine armature winding insulation. Finally, the presented control system upgrade enables the end user to
keep the existing hardware and pumping infrastructure relying on mature (legacy) industrial hardware that
is still highly functional.

The paper is organized as follows. Section 2 outlines the problem of dual DC electrical drive coordina-
tion and presents the detailed mathematical model of the dual DC machine-based pumping station. Section 3
describes the structure of the load balancing control system and the straightforward practical procedure
for the PI controller tuning based on a symmetrical optimum tuning procedure [24]. Section 4 presents
the results of the verification of the proposed armature current load balancing control system, first through
computer simulations, followed by results of field tests on an actual deep drilling rig used to produce a
geothermal well. Concluding remarks and possibilities for future research are given in Section 5.

2 Mud Pump System Modeling
This section outlines the layout of the considered deep drilling rig mud pump system comprising a dual-

motor DC machine drive and presents mathematical models of the dual DC machine electrical drive and the
piston mud pump, which are then linearized for subsequent control system design.
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2.1 Drilling Facility Overview
Fig. 1 shows the layout of the land-based deep drilling rig, which is built around a high-power low-

speed electrical or hydraulic top drive [18] that facilitates drill-string system rotary motion (rotary drive).
The combined action of the top drive and the draw-works hoist electrical drive results in continuous borehole
drilling wherein the drill-string torque, drill-string rate-of-penetration (RoP), and drill-string hook-load that
defines the drill-bit normal force (weight-on-bit or WoB) need to be continuously controlled using dedicated
rotary and draw-works drive control systems (see, e.g., [9]). During borehole production, the drilling fluid
(drilling mud) is circulated through the borehole utilizing mud pumps powered by high-power electrical
motors, thus controlling the borehole pressure and also providing lubrication and cooling for the drill bit and
means of removing the pulverized rock debris from the bottom of the well [19]. In the particular application,
the high-power independent excitation DC electrical machines are used for the purpose of powering the
high-pressure piston pumps used for mud circulation within the borehole [21].

Figure 1: Schematic representation of land-based drilling rig
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While alternating current (AC) electrical motors with advanced control systems have become increas-
ingly prevalent in industrial and transport applications over the last 30 years, DC motors remain a viable
option in high-power applications due to their inherent advantages, such as high starting torque (up to
400% of the nominal torque) and consistent toque characteristic over a wide speed range, which make them
suitable for heavy loads and applications requiring rapid start-up of the mechanical drive [25]. Moreover,
the DC machine speed adjustment is straightforward, that is it can be achieved by adjusting the voltage
supplied to the motor [25]. These advantages directly translate to lower costs compared to AC electrical
motor drives and related control systems, which often require complex electronics and control software. DC
motors, on the other hand, require more maintenance compared to AC motors due to the use of brushes and
the commutator, which may lead to increased downtime and maintenance costs compared to AC motors.
AC motors, on the other hand, offer several advantages, such as durability and longevity, primarily due to the
absence of brushes and higher power density compared to DC electrical machines [26]. Furthermore, AC
motors can typically achieve higher rotational speeds, thus making them suitable for demanding industrial
applications, such as machine tools and milling [27].

2.2 Direct-Current Dual Electrical Drive for Mud Pump
Mature high-power DC motor drives are still being based on thyristor power converters [14]. The mud

pump dual DC machine electrical drive legacy solution has been based on a common high-power 6-pulse
thyristor bridge for supplying the parallel-connected armatures of the two DC machines driving the piston
pump [28], with separately supplied excitation circuits for each motor, as shown in Fig. 2. The pump motors
in question are GE752 shunt (separate) excitation DC machines [29], whose nominal parameter values are
listed in Table 1.

Table 1: Key parameters of GE752 shunt (separate excitation) DC motor from [29]

Rated
armature

voltage
Uan

Rated
armature

current Ian

Rated
power

Pn

Rated
speed nn

Armature
resistance

Ra

Armature
induc-
tance

La

Rated
field

current
Imn

Motor
inertia

Jm

750 V 1100 A 800 kW 965 rpm 18 mΩ 2.7 mH 60 A 25 kgm2

These DC machines are commonly used in legacy field applications, and their retrofitting with modern
thyristor-based power converters is subject of this work. It should be noted, however, that fully retrofitting the
mud pump drive should entail completely replacing these legacy DC drives with more modern high-power
variable-speed three-phase AC machines with appropriate voltage source inverter (VSC) based frequency
converters [30]. This would greatly improve the energy efficiency and power factor of such modernized pump
drives by avoiding the inherent drawback of the thyristor-based DC drives, which is related to increased
reactive power requirements of DC drive topology based on a current source inverter (CSI) such as the
6-pulse thyristor bridge [31].
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Figure 2: Topology of 6-pulse thyristor-based power converter for mud pump dual DC machine electrical drive with
common armature and separate excitation circuits

The nonlinear dynamic model of the dual DC machine mud pump electrical drive is obtained based
on fundamental algebraic and differential equations describing the electrical and mechanical phenomena
within the DC electrical machine. Namely, the DC machine armature voltage vs. current relationship is given
by the following well-known differential equation [24]:

ua = Ra ia + La
dia

dt
+ e , (1)

where ua and ia are the armature voltage and armature current, respectively, Ra and La are the armature
winding resistance and inductance, respectively, and e is the armature induced voltage (electromotive force)
defined as:

e = Ke Φm (im)ωm , (2)

with Φm(im) representing the excitation circuit magnetization characteristics (field flux Φm vs. excitation
current im curve), Ke being the electromotive force constant, and ωm being the motor rotational speed
(angular speed).

The developed DC machine torque is given by the following algebraic relationship:

mm = KmΦm(im)ia , (3)

wherein Km is the motor torque constant.
The difference between the developed motor torque mm and the load torque at the motor axle mL

determines the acceleration ω̇m of the overall motor inertia Jm according to Newton’s second law for angular
(rotational) motion:

Jmω̇m = mm −mL . (4)

Finally, the excitation current im dynamics is described by a simple first-order differential equation,
which captures the dominant response characteristics of the excitation control system implemented within
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the power converter feeding the excitation circuit in the following way:

dim

dt
= 1

Tem
(imR − im), (5)

where imR is the excitation current reference (target) value, and Tem is the equivalent time constant
(equivalent lag) of the excitation current control loop.

Based on these algebraic and differential equations, the nonlinear dynamic model of the dual DC
machine mud pump electrical drive is derived and shown in Fig. 3. Dual DC machine model comprises two
identical DC machine models (Eqs. (1)–(5)), whose armature circuits (characterized by armature resistances
Ra1,2 and inductance La1,2) are fed by the common armature voltage ua, wherein for each motor its counter
electromotive force (e1 for motor 1 and e2 for motor 2) is produced due to motors 1 and 2 excitation circuit
magnetic field fluxes Φm1 and Φm2 and the pump electrical drive rotational speed ωm:

e1,2 = Ke Φm1,2ωm = Ke Φm (im1,2)ωm , (6)

where Φm(im1,2) represents the excitation circuit magnetization characteristics (magnetic fluxes vs. excitation
currents) which should be identical for DC machines of identical type, and im1 and im2 are the excitation
currents for each DC motor.

Figure 3: Block diagram of armature voltage open-loop control of dual DC machine drive with
parallel-connected machine armatures and separately controlled excitation currents

The armature voltage vs. EMF difference results in armature currents ia1 and ia2 in the following way:

ia1,2 =
1

La1,2
∫ (ua − e1,2 − Ra1,2 ia1,2)dt, (7)

wherein Ra1,2 denotes the armature winding resistance of DC motors 1 and 2, and La1,2 denotes the armature
winding inductance of DC motors 1 and 2.

Similarly to the case of a single DC machine, the developed torques of motors 1 and 2 (mm1 and mm2)
are proportional to their respective armature currents ia1 and ia2 and magnetic field fluxes Φm1 and Φm2 as
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follows:

mm1,2 = KmΦm1,2 ia1,2 = KmΦm(im1,2)ia1,2 . (8)

Since the dual electrical drive comprises two DC machine coupled to a single output shaft via a suitable
transmission system, the resulting rotational speed ωm of the electrical drive is the consequence of a torque
balance between the average load torque mL and the sum of DC motor torques (mtot = mm1 + mm2). The
resultant torque that accelerates the total moment of inertia of the pump drive and the drive rotational speed
is the result of the motion Eq. (4), namely:

ωm =
1

Jtot
∫ (mm1 +mm2 −mL)dt, (9)

where Jtot is the total drive inertia referred to the side of the dual-motor drive.
The excitation circuits of motors 1 and 2 are assumed to be current-controlled with relatively fast and

aperiodic closed-loop dynamics of excitation currents im1 and im2 with respect to their current references
imR1 and imR2:

im1,2 =
1

Tem
∫ (imR1,2 − im1,2)dt, (10)

with Tem being the equivalent closed-loop lag of the excitation current control system, as explained earlier
(see Eq. (5)).

Fig. 3 shows the block diagram representing the nonlinear dynamic model of the parallel-connected
dual DC machine electrical drive comprises the two identical DC machine models, according to
Eqs. (6)–(10), whose input is the common armature voltage ua feeding the parallel-connected armature
windings of each motor, and its output is the pump electrical drive rotational speed ωm.

To simplify the subsequent control system design, the nonlinear model in Fig. 3 is linearized around
a specific operating point, resulting in small-perturbation models for those dual DC drive variables that
incorporate nonlinear relationships between model variables, particularly those mathematical equations
that incorporate the nonlinear magnetic field flux vs. magnetization characteristics (Eqs. (6) and (8)). The
normalized form of the excitation circuit magnetization characteristic (field flux vs. excitation current
curve Φm(im)) from [32] is shown in Fig. 4. Linearization is performed by considering small deviations
(perturbations) of variables around their steady state values and calculating their total differentials. In
particular, the nonlinear model in Fig. 3 is linearized in the vicinity of the operating point characterized
by steady-state armature current values Ia1 and Ia2, field flux (excitation) current values Im1 and Im2
(and corresponding field fluxes Φm(Im1) and Φm(Im2)) and the steady-state drive rotational speed ωss as
follows:

Δmm1,2 = KmΦm(Im1,2)Δia1,2 + KmIa1,2
∂Φm(Im1,2)

∂im1,2
Δim1,2 , (11)

Δe1,2 = Ke Φm(Im1,2)Δωm + Ke ωss
∂Φm(Im1,2)

∂im1,2
Δim1,2 , (12)

where Δe1,2 are motors 1 and 2 counter electromotive force perturbations, Δia1,2 are motors 1 and 2 armature
current perturbations, Δim1,2 is motors 1 and 2 excitation (field) current perturbations, Φm(Im1,2) are motor
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1 and 2 field flux steady-state values, Φm(Im1,2)/im1,2 are field flux curve gradients in the vicinity of steady
state magnetization currents Im1,2 for motors 1 and 2, Ia1,2 are motors 1 and 2 armature current steady-state
values, Δωm is the rotational speed perturbation, and ωss is the rotational speed steady-state value.

Figure 4: Excitation circuit normalized magnetization characteristic (normalized field flux vs. normalized excitation
current) [32]

Thus-obtained linearized (so-called small perturbation) model of the dual-motor drive is shown
in Fig. 5. Field flux curve gradients for motors 1 and 2 can be reconstructed from data points in Fig. 4 using
numerical differentiation, or the field flux curve may be approximated by an analytical function, thus yielding
analytical result for its gradient as well. The linearized model of the dual DC machine electrical drive in Fig. 5
is used as a basis for the design of the “current mirror” control system. The linearized model in Fig. 5 can
be further simplified by introducing some realistic assumptions on the process model parameters, such as
the total moment of inertia Jtot of the pump drive and the armature winding resistance parameters Ra1,2, as
shown in next section.

2.3 Mud Pump Mechanical System
A mud pump is realized as a positive displacement machine, which typically consists of three cylinders,

each containing a piston or a plunger within it. These pistons (plungers) are driven through respective slider-
crank mechanisms and a common crankshaft powered by an external source of rotational motion (i.e., dual
DC motor drive), as illustrated in Fig. 6. The volumetric flow rate is governed by the rotational speed of
the crankshaft, and the number of pistons and their respective dimensions. A positive displacement pump
produces a flow of fluid, whereas the downstream process or the piping system produces resistance to this
flow, thereby generating pressure in the piping system and discharge portion of the pump [19].

The load torque referred to the input shaft of the belt drive + gearbox transmission system (Fig. 6) is due
to the in-cylinder pressure buildup (see [19]), which needs to overcome the pressure within the drill-string
(pipeline) p1 to inject the drilling fluid into the pipeline. Assuming that the pressure within the cylinder is
exactly equal to the pipeline pressure p1, the corresponding pulsating load torque mc due to the injection of
the drilling fluid by one piston is given as follows (valid for 1/3 of revolution of the output crankshaft):

mc(θs) = p1
D2π

4
r

ig ibe l t
sin(θs) (1 +

r
L

cos(θs)) , (13)
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where θs is the crankshaft angle, L is the connecting rod length, r is the crankshaft radius, D is the cylinder
inner diameter, and p1 is the drill-string pipeline pressure (see Fig. 6), and ig and ibelt are the gearbox
transmission ratio and belt drive transmission ratio, respectively.

Figure 5: Block diagram of linearized (small perturbation) model of dual DC machine drive with parallel-connected
machine armatures and separately controlled excitation currents

During one-third of the revolution of the output crankshaft wherein one cylinder is injecting drilling
fluid into the drill-string pipeline, the other two cylinders are returning and drawing fluid from the supply
pipeline. The average load torque of the piston pump, which may be useful for the simulation analysis of the
pump electrical drive, can be calculated by integrating the pulsating load torque in Eq. (13) over the one-third
of a single rotation (θs ∈ [0, 2π/3]) as follows:

mL =
3

2π ∫
2π/3

0
mc(θs)dθs =

9D2r
16ig ibe l t

(1 + r
4L
) p1 = Km p p1 , (14)

where Kmp is the load torque mL vs. cylinder (borehole) fluid pressure p1 proportionality coefficient (gain).
Since only one cylinder injects fluid into the pipeline over one-third of the crankshaft revolution, the

above result also represents the average load torque for continuous rotation as well. Table 2 gives the values
of mechanical parameters for the piston pump from [19], based on which the average load torque can
be reconstructed with respect to the drill-string pipeline mud pressure p1. Fig. 7 shows the thus obtained
(linear) characteristic of the average load torque which is used in subsequent simulation analysis of the pump
electrical drive behavior in Section 4.
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Figure 6: Principal schematic representation of dual-motor mud pump drive system [19]

Table 2: Physical parameters of the mud pump mechanical system [19]

Slider
length L

Cylinder
diameter

D

Crankshaft
radius r

Gearbox
ratio ig

Belt drive
ratio ibelt

Crankshafts
inertia Jcs

Driveshafts
inertia Jds

1.28 m 0.14605 m 0.3048 m 3.439 2.3384 585.77 34.36

Based on the data in Table 2, the total inertia Jtot in Eq. (4) that is referred to the transmission input (i.e.,
the dual-motor drive side) can be calculated as:

Jtot =
Jcs
i2

g
+ 2Jds

i2
be l t

+ 2Jm , (15)

where Jm is the moment of inertia of a single DC motor, and Jcs and Jds are equivalent inertias of all crankshafts
and driveshafts, respectively.
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Figure 7: Averaged load torque at the transmission input shaft (motor side)

3 Control System Design
This section presents the control system design for motor armature current balancing (so-called current

mirror system) in a dual DC motor drive with parallel-connected armature windings. The concept of
armature current mirror is outlined first, followed by the proposed current mirror closed-loop system
equipped with a PI controller of armature current difference designed according to symmetrical optimum
criterion [24].

3.1 Problem Formulation and Principal Solution
In the dual motor drive with parallel-connected armatures supplied by a single armature voltage source

ua (Fig. 3) it is not possible to compensate for the armature current variations of individual motors due to
armature resistance mismatch utilizing armature voltage alone. Fig. 8a illustrates the static characteristics of
individual motors within the dual motor drive with parallel-connected armatures when armature resistances
Ra1 and Ra2 are not the same (Ra2 > Ra1), and for the case of equal steady-state magnetizing (excitation)
currents Im1 = Im2 = Im. Since motor output shafts are coupled together via the transmission mechanism
(Fig. 6), their steady-state rotational speed is the same and can be expressed as:

ωss =
ua

Ke Φm(Im1)
− Ra1Ia1

Ke Φm(Im1)
= ua

Ke Φm(Im2)
− Ra2Ia2

Ke Φm(Im2)
. (16)

From the above expression, it is evident that idle speeds for both motors would be the same if magne-
tizing currents Im1 and Im2 were equal, which results in the following armature current ratio relationship:

ω01 = ω02 =
ua

Ke Φm(Im)
→ Ia1

Ia2
= Ra2

Ra1
. (17)

Since the heat losses in armature windings of each motor are proportional to the armature current
squared:

Pl oss = I2
a1Ra1 + I2

a2Ra2, (18)
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and the total armature current draw of the dual DC electrical drive is given as Itot = Ia1 + Ia2, the total power
losses may be expressed in terms of the total drive current Itot as follows:

Pl oss =
I2

tot Ra1

(1 + Ra1/Ra2)2 +
I2

tot Ra2

(1 + Ra2/Ra1)2 , (19)

which can be directly related to total motor torque of the parallel-connected dual DC machines mtot =mm1
+mm2 in the following way (see Eqs. (7) and (9)) under the assumption of equal field fluxes Φm of individual
motors (Φm1 = Φm2 = Φm):

mtot = KmΦmIa1 + KmΦmIa2 = KmΦmItot . (20)

Figure 8: Static characteristics of dual DC drive with parallel-connected motor armatures: equal magnetizing currents
case (a) and unequal magnetizing current case (b)

The above analysis of load distribution between the DC electrical machines operating in parallel
indicates that: (i) the DC motor with a lower value of armature resistance would draw more current
from the armature voltage source ua and vice versa (Eq. (17)), (ii) the motor being subjected to much
higher current draws would also be subjected to much higher mechanical load (motor torque) and would
produce much higher armature winding heat losses (proportional to armature current squared), and (iii)
the aforementioned effects would lead to operating temperature increase and lower energy efficiency of the
motor under greater current load.

Besides the immediate effect of increased heating of the armature winding and lower energy efficiency of
the motor characterized by smaller armature resistance in this parallel drive topology, possible maintenance
issues may also arise during prolonged operation under unbalanced current loads due to possible accelerated
aging of the winding insulation of the motor under higher current load which is associated with armature
winding operation at elevated temperatures [33].

Thus, it would be preferable if both motors could be operated at the same current load, resulting in equal
load distribution and less discrepancy in heat dissipation between motors:

Ia1 = Ia2 = Ia , (21)

which can be achieved by commanding different values of steady-state magnetizing currents Im1 and Im2, as
shown in Fig. 8b.
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In the case of different magnetizing currents (Im2 < Im1 in Fig. 8b), the resulting idle speeds for each
motor are not the same:

ω01 =
ua

Ke Φm(Im1)
, (22)

ω02 =
ua

Ke Φm(Im2)
, (23)

but the static curves for motors 1 and 2 can now intersect at a point characterized by the same steady-state
speed ωss and the same steady-state armature currents Ia1 = Ia2 = Ia.

By combining Eqs. (11), (13)–(15), the following relationship is obtained:

ω02 − ω01 = Ia (
Ra2

Ke Φm(Im2)
− Ra1

Ke Φm(Im1)
) , (24)

which after some manipulation and rearranging yields the following expression for the armature current
that is flowing through each of the motors (i.e., motor armature currents are “mirrored”), which is adjusted
through their respective magnetizing currents Im1 and Im2:

Ia =
ua(Φm(Im1) −Φm(Im2))

Ra2Φm(Im1) − Ra1Φm(Im2)
. (25)

Obviously, “manual” adjustment of armature currents would require precise information about arma-
ture resistances and motor magnetizing curves, which is not practical for field applications. Therefore, a
closed-loop control system is designed in the next subsection which controls the armature current of motor
2 to the “target” armature current of motor 1 via the additive magnetizing current command provided by a
proportional-integral (PI) controller.

3.2 Armature “Current Mirror” Control System Design
Fig. 9a shows the conceptual block diagram of the armature “current mirror” PI controller, which adjusts

the magnetizing current of motor 2 based on filtered armature current signals ia1f and ia2f from both motors.
In this arrangement, motor 1 armature current ia1 may be considered as the target (reference) value that needs
to be reached by motor 2 armature current ia2, which forms a negative feedback loop in this closed-loop
system arrangement. The role of the “current mirror” PI controller is to: (i) minimize the armature current
difference between the motor 1 and motor 2 by continuously adjusting the excitation current of motor 2
using motor 2 armature current ia2 as feedback signal, that is to provide load balancing between motor 1 and
motor 2, and (ii) to compensate for variations of armature resistances, which would otherwise result in an
imbalance of armature currents without the “current mirror” PI controller feedback action.

The magnetizing current command ΔimR2 from the “current mirror” PI controller is added to the
external constant-valued magnetizing current target value ImR2 with a reversed sign, and the total magne-
tizing current command imR2 is then forwarded to the magnetizing current control loop. The PI controller
command ΔimR2 sign reversal is related to the proportionality effect of the field flux Φm(Im2) to the counter-
electromotive force e2. Namely, a decrease in magnetizing current Im2 (field flux Φm(Im2)) would result in
a decrease of electromotive force e2, which would result in an increase of the armature current ia2 due to a
larger difference between armature voltage and counter-electromotive force ua–e2 (see Fig. 3).
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Figure 9: Conceptual block diagram of armature “current mirror” PI controller (a), simplified linearized closed-loop
system representation (b), and final linearized closed-loop system (c)

The design of the “current mirror” control system is based on the linearized model of the dual DC
machine electrical drive in Fig. 5, which can be simplified by introducing some realistic assumptions on
process model parameters. Based on the data presented in Tables 1 and 2, the total inertia of the dual-motor
drive according to Eq. (15) takes on a very large value (Jtot = 71.83 kgm2). This in turn means that the rotational
speed perturbations Δωm due to perturbations in acceleration torque Δmm–ΔmL tend to be very small, and
can be regarded as negligible:
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Jtot >>>→ Δωm ≈ 0. (26)

On the other hand, for very small armature resistance values Ra1,2 (Ra1,2 ≈ 0), which are typical for high-
power DC machines (Ra = 0.018 Ω, see Table 1), the armature current lag dynamics can be simplified to a
pure integral model:

1
La1,2s + Ra1,2

≈ 1
La1,2s

. (27)

In addition, motor 1 excitation current im1 is assumed to be constant under excitation current closed-
loop control with constant target value imR1 (its perturbations ΔimR1 are assumed to be zero). Using the
above simplifications, the small-perturbation linearized model for motor 2 armature control via the “current
mirror” PI controller can be approximately described by the block diagram in Fig. 9b.

Finally, by introducing the following gain factor which relates the steady-state drive speed and the
gradient of the magnetizing curve:

KΦ = Ke ωss
∂Φm(Im1,2)

∂im1,2
, (28)

the final simplified block diagram representation of the “current mirror” closed-loop control system is
depicted in Fig. 9c, and its closed-loop transfer function reads as follows:

Gc (s) =
Δia2 f (s)
Δia1 f (s)

= 1 + TIs
1 + TIs + La2 TI

KΦ KR
s2 + La2 TI TΣ

KΦ KR
s3

, (29)

where the equivalent lag time constant (parasitic time constant) TΣ = Tem + Tef may also comprise other
lags, including sampling effects due to the utilization of a discrete-time (digital) PI controller [34].

For such a closed-loop system, characterized by double-integrator + first-order lag dynamics of the
open-loop system, the closed-loop transfer function characteristic polynomial can be represented in the
following form suitable for a symmetrical optimum-based control system design [24]:

Ac(s) = 1 + a2TΣs + a3T2
Σs2 + a3T3

Σs3, (30)

which yields the following results for the PI controller integral time constant TI and proportional gain KR:

TI = a2TΣ, (31)

KR =
La2

aKΦTΣ
, (32)

In the above equations, the free parameter a can be set arbitrarily to a value a ≥ 2, wherein larger values
of the parameter a correspond to a slower closed-loop step response (and greater robustness to process
modeling errors), and vice versa.

3.3 Robustness Analysis
Control system robustness is tested herein by means of root-locus analysis of dominant “current mirror”

control system closed-loop dynamics in the vicinity of the field flux (excitation) current operating point of
0.95 p.u. for both DC motors (95% of the rated excitation current values Imn). The locations of closed-loop
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poles (root locus plots) of the dynamic system under the “current mirror” PI control are plots by finding
the so-called eigenvalues λi (i = 1, . . ., 8) of the closed-loop system (corresponding to closed-loop poles),
obtained by solving the following equation (see [35]):

det (λI −A) = 0, (33)

where = [λ1 λ2 λ3 λ4 λ5 λ6 λ7 λ8]T is the vector of eigenvalues, I is identity matrix (with ones at its diagonal),
det() is the matrix determinant, and A is the so-called system matrix for the closed-loop system of the dual
DC machine electrical drive under “current mirror” PI control defined as:

A =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

− Ra1
La1

0 −Ke Φm1
La1

−Ke ωss
La1

∂Φm1
∂Im1

0 0 0 0
0 − Ra2

La2
−Ke Φm2

La2
0 −Ke ωss

La2

∂Φm2
∂Im2

0 0 0
Km Φm1

Jtot

Km Φm2
Jtot

0 Km Ia1
Jtot

∂Φm1
∂Im1

Km Ia2
Jtot

∂Φm2
∂Im2

0 0 0
0 0 0 − 1

Tem
0 0 0 0

0 0 0 0 − 1
Tem

−KR KR 1
1

Te f
0 0 0 0 − 1

Te f
0 0

0 1
Te f

0 0 0 0 − 1
Te f

0
0 0 0 0 0 −KR

TI

KR
TI

0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (34)

In the above matrix expression, the parameters of DC machines’ dynamic models (such as armature
resistance values Ra1 and Ra2), the parameters of the “current mirror” PI controller (gain KR and time constant
TI) and the steady-state values of armature currents Ia1 and Ia2 and electrical drive angular speed ωss can be
freely varied. Hence, it is possible to find how these variations affect the closed-loop system poles (eigenvalues
λi), thus illustrating the closed-loop system robustness to parameter variations.

In order to carry out the root locus analysis, nominal values of armature resistance Ra and armature
inductance La are taken from Table 1, while the total inertia Jtot of the dual DC drive is calculated
using Eq. (15) and triplex pump data from Table 2. On the other hand, the DC machine electromotive force
gain Ke and torque gain Km are estimated using the DC machine steady-state equations (Eqs. (1)–(3) with
armature current time derivative equal to zero and unit-valued field flux, i.e., Φmn = 1 p.u., see Fig. 4) and
nominal values of parameters from Table 1 (see, e.g., [26]):

Ke =
Uan − Ran Ian

Φmn ωn
= 30(Uan − Ran Ian)

πΦmn nn
, (35)

Km =
Mn

Φmn Ian
= 30Pn

πΦmn Ian nn
, (36)

wherein the relationship between the rated rotary speed nn [rev/min] and the rated angular speed ωn [rad/s]
is ωn = nnπ/30.

Table 3 lists the parameters used in root locus analysis. The control system parameters (time constants
Tem and Tef ) reflect the actual parameters used in field tests, while the “current mirror” PI controller
parameters have been varied in the analysis (calculated for different value s of symmetrical optimum tuning
parameter a).

The results of root locus analysis are shown in Fig. 10 for the following specific scenarios: different
choices of the symmetrical optimum criterion tuning parameter a (Fig. 10a), different speed and current
operating points for both motors (Fig. 10b) and selected value of tuning parameter a = 10 (Fig. 10b), and
variation of armature resistances and parasitic time constants (Fig. 10c,d, respectively).
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Table 3: Parameters of closed-loop control system used in root-locus analysis

Parameter Motor elec-
tromotive
force gain

Ke

Motor
torque gain

Km

Excitation
system

closed-loop
lag Tem

Armature
current

filter lag Tef

Equivalent
parasitic lag TΣ
= Tem + Tem

Value 7.226 Vs/rad 7.197 Nm/A 500 ms 300 ms 800 ms
Parameter Total

moment of
inertia Jtot

Motor 1
normalized

field flux
Φm1

Motor 2
normalized

field flux
Φm2

Motor 1
normalized

gradient
Φm1/Im1

Motor 2
normalized

gradient
Φm2/Im2

Value 71.83 kgm2 0.95 p.u. 0.95 p.u. 0.0173 A−1. 0.0173 A−1.

Figure 10: Results of root locus analysis for: different symmetrical optimum tuning parameter choice (a), different
speed and current operating points (b), variation of armature resistances (c), and variation of parasitic time constant (d)
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Root locus plots in Fig. 10a show how the poles of the closed-loop control system are distributed in the
left-side half-plane of the s-plane with respect to the choice of the symmetrical optimum criterion tuning
parameter a for the case of the motors operating point characterized by nominal armature current Ian and
nominal motor speed ωn. All closed-loop pole locations are characterized by good damping (greater than
0.707) with greater damping obtained for greater values of tuning parameter a, and vice versa. This, in turn,
means that higher a values correspond to a more robust tuning case [24], and should thus be preferred when
control system parameter variations are likely to occur. Fig. 10b shows the closed-loop pole locations when
the armature current and motor speed operating point are varied for the case of robust PI controller tuning
with a = 10. As shown in Fig. 10b, the pole locations are practically unchanged in that case for a wide range of
operating regimes (armature current and motor speed operating point variations). Fig. 10c further confirms
the robustness of tuning by choosing the tuning parameter value a = 10 in the case of notable discrepancies
(±50%) between motor 1 and motor 2 armature resistances Ra1 and Ra2. Again, all the closed loop poles are
real-valued, which points out to good damping and relative stability of the closed loop system. Finally, the
closed-loop robustness is also tested for the case of parasitic time constant TΣ mismatch (with TΣ being the
nominal value used in control system design and TΣ

* being the actual parasitic time constant value). The root
locus plots presented in Fig. 10d indicate that even for a ±50% mismatch between the actual and nominal
value of the parasitic time constant TΣ , all dominant closed loop poles remain well-damped (in all cases the
closed loop poles are real-valued).

4 Simulation and Experimental Results
The proposed “current mirror” control system has been verified through simulations first, followed by

experimental testing carried out during commissioning on a drilling rig equipped with a dual DC motor-
based mud pump drive. All simulation and experimental results are given in per unit (p.u.) notation, that is,
normalized with respect to rated motor values.

4.1 Simulation Results
Simulation analysis has been carried out with the values of pumping process model parameters listed

in Tables 1–3. In order to simulate the realistic armature current imbalance of parallel-connected DC
machines due to armature resistance mismatch, armature resistance parameter of one of the DC machines
has been set to a value 50% larger that the rated value, whereas the model of the other DC machine
is parameterized with the rated value of armature resistance (obtained from [21]). Armature inductance
parameters of both DC machines are set to the rated value obtained from the technical documentation [21].

The total inertia parameter Jtot and load torque vs. borehole pressure gain Kmp are calculated based
on the piston pump drive parameters in Table 2 using Eqs. (14) and (15), respectively. The average borehole
pressure parameter p1 is set to 150 bar, as suggested in [19] (approximately half the rated value for the
particular piston pump). The control system parameters (time constants Tem and Tef , and controller limit
ΔImax) reflect the actual parameters used in field tests, while the PI controller parameters have been obtained
for the choice of symmetrical optimum tuning parameter a = 10. Table 4 lists the additional (derived)
parameters used in simulations, alongside the parameters listed in Tables 1–3.

Simulation results for the case of turned off “current mirror” PI controller and motor 1 armature
resistance 50% greater than the armature resistance of motor 2 are shown in Fig. 11. The simulation scenario
comprises fixed excitation current references for both motors, set to 0.95 p.u., and a gradual (ramp-like)
increase of armature voltage until a desired voltage value and rotation speed are reached (top plots in
Fig. 11a,b). Armature current responses of both motors show that there is a clear discrepancy between
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motors 1 and 2, wherein motor 1 is characterized by approximately 1/3 lower steady-state armature current
(see Eq. (12)), which is directly translated to motor torque steady-state values (bottom plot in Fig. 11b).

Table 4: Additional parameters of the simulation model

Parameter Load torque vs.
pressure gain

Kmp

Borehole
pressure p1

PI controller
proportional gain

KR

PI controller
integral time
constant TI

Controller
limit ΔImax

Value 48.14 Nm/bar 150 bar 0.006 3.2 s 0.05 p.u.

Figure 11: Dual DC drive simulation results with “current mirror” control turned off: armature voltage and current
responses (a) and drive rotational speed and torque responses (b)

Simulation results for the case of the “current mirror” PI controller turned on and motor 1 armature
resistance 50% greater than the armature resistance of motor 2 is shown in Fig. 12. In this simulation scenario
a fixed excitation current reference of 0.95 p.u. is applied to motor 1, while motor 2 receives the excitation
current reference of 0.95 p.u. augmented by the output of the “current” mirror PI controller. The same
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ramp-like increase of armature voltage is applied until the steady-state rotation speed is reached (top plots
in Fig. 12a,b). The armature current responses of motors 1 and 2 show an initial discrepancy due to difference
in armature resistances, but this discrepancy is subsequently reduced to zero by the action of the “current
mirror” PI controller (bottom plot in Fig. 12a), which, in turn, also balances motors 1 and 2 torques, and
their steady-state values are practically the same (bottom plot in Fig. 12b). The action of “current mirror” PI
controller is shown in Fig. 12c. In the initial stage of operation, the controller output is saturated (limited)
due to large differences in armature currents. As the armature currents are brought closer to each other, the
controller output stops being in the saturation regime and settles the excitation current to the steady-state
value of 0.97 p.u. (Fig. 12c).

Figure 12: Dual DC drive simulation results with “current mirror” control turned on: armature voltage and current
responses (a), drive rotational speed and torque responses (b), and excitation current system responses (c)
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To summarize, when the “current mirror” control system is not employed, there is a significant
mismatch of armature currents between the individual DC machines, which is caused by the mismatch of
individual DC machine armature resistances, as previously illustrated in Fig. 8a. On the other hand, when
the armature the “current mirror” PI controller is employed, it effectively equalizes the armature currents of
individual DC motors in the presence of notable armature resistance mismatch. The particular simulation
scenarios shown in Figs. 11 and 12, wherein one of the DC machines is characterized by 50% higher armature
resistance compared to the other DC machine characterized by nominal-valued armature resistance, clearly
demonstrates that the armature current of the DC machine whose excitation is controlled by the “current
mirror” PI controller within the closed feedback loop can be matched to the exact value of the armature
current of the parallel-connected DC machine that is operated by means of armature voltage only.

4.2 Results of Field Tests
The proposed current mirror control system has been tested on a commercial deep drilling rig used to

produce a geothermal well near Legrad, Republic of Croatia (see, e.g., [36]), which is shown in Fig. 13a. The
rig is equipped with dual DC machine mud pump drives, shown in Fig. 13b. Field testing and commissioning
were conducted over a 24 h period, during which the control system hardware was prepared and a control
software upgrade including the developed “current mirror” PI controller has been downloaded to the motor
power converter control unit and successfully tested. As per agreement with the industry partners, the final
30-min commissioning test has been approved for dissemination, and the results of this final commissioning
test are shown in Fig. 14.

Figure 13: Photographs of a deep drilling rig (a) and mud pump drive (b)

The results of the 30-min-long commissioning test with “current mirror” control system turned on
are shown in Fig. 14. The results were obtained for a gradual startup of the dual DC machine pump drive
with both machines connected to the common armature voltage (top plot in Fig. 14a), which results in
gradual increase of motor armature currents, and drive rotational speed (bottom plot in Fig. 14a and top
plot in Fig. 14b). Armature currents of both DC motors are kept at near identical values by the action
of “current mirror” PI controller acting upon the motor 2 excitation current. It continuously adjusts the
motor 2 excitation current during the mud pump electrical drive operation to compensate for inevitable
slow variations of armature resistances due to both motors warming up from the “cold” state (bottom plot
in Fig. 14b).
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Figure 14: Experimental results obtained during deep drilling rig field tests: armature voltage and current responses
(a), and rotational speed and excitation current responses (b)

Thus, the main perceived benefits of the proposed “current mirror” control system manifest as: (i)
rather fast equalization of armature currents of individual DC motors operating in parallel on the common
armature voltage source (main high-power thyristor power converter), and (ii) continuous adjustment of
the armature current of the controlled DC motor, so that it matches the armature current of the DC motor
which is only open-loop controlled by means of armature voltage. In this way, the dual DC electrical drive
can adapt to the inevitable armature resistance changes due to heat losses-related temperature increase, and,
thus, provide balanced electrical load distribution between individual DC machines.

5 Conclusion
The paper has presented the design methodology for the development of a retrofitting solution aimed

at armature current balancing (equalization) control for a mud pump dual DC motor electrical drive on a
deep drilling rig. In this “legacy” application, the individual DC machine armature circuits are connected in
parallel and supplied from a common armature power converter, while their excitation circuits are supplied
separately using their respective current-controlled excitation (field) power converters. For the design and
simulation analysis of the armature current equalization control system using excitation current control only
(the so-called armature “current mirror” control system), a suitable model of dual electrical machine DC
drive and mud pump load has been derived. The electrical drive model has been subsequently linearized and
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simplified for the sake of linear feedback PI controller design, whose tuning has been based on the so-called
symmetrical optimum criterion.

The proposed “current mirror” control system has been verified through simulations and experimen-
tally. Simulation results have shown that without the “current mirror” control system, the dual DC motor
pump drive with DC motor armatures connected in parallel can exhibit a notable discrepancy in armature
currents if their armature resistances do not match. On the other hand, when the proposed “current mirror”
control system is turned on so it can adjust the excitation current of one of the motors, it can effectively
and rather quickly equalize the armature currents of both motors and, consequently, equalize the developed
torques of individual motors. In this way both the electrical and mechanical load of individual motors is
effectively balanced. Finally, field tests carried out on the commercial deep drilling rig have confirmed that
the proposed armature current mirror control system results in consistent and continuous adjustment of the
excitation current of one of the motors, thus balancing the armature currents of DC motors within the dual
DC motor mud pump electrical drive.

Future work is going to be directed towards developing suitable strategies for the improvement of energy
efficiency and the environmental friendliness of the drilling process. These may include the utilization of high
efficiency vector-controlled AC electrical drives and control system configurations suitable for dual electrical
machine-based pump drive such as the master-slave in its basic speed/torque reference following and
dynamic load sharing (droop control) configurations, or the more complex centralized control approaches.
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Abbreviations
AC Alternating current
AC/DC Alternating current-to-direct current
bar Pressure measurement unit (105 Pascals)
CSI Current-source inverter
DC Direct current
det() Matrix determinant
EMF (Counter) electromotive force
GE752 High-power/high-torque motor under investigation
kNm Kilo-Newton-meter (torque measurement unit)
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L1, L2, L3 Voltage lines in the three-phase electrical grid
M Motor (electric)
M1, M2 Motors 1 and 2, respectively
MW Mega-Watt
PI Proportional-integral (controller)
p.u. Per-unit value, i.e., variable normalized to its rated (nominal) value
RoP Rate-of-Penetration
VSI Voltage-source inverter
WoB Weight-on-Bit

Variables
e DC electrical machine counter electromotive force (induced armature voltage)
e1, e2 Motors 1 and 2 counter electromotive forces (induced armature voltages)
ia DC electrical machine armature current
ia1, ia2 Motors 1 and 2 armature currents
ia1f , ia2f Motors 1 and 2 armature current low-pass filtered values
im, imR DC electrical machine excitation current and its reference (target) value, respectively
im1, im2 Motors 1 and 2 excitation currents
imR1, imR2 Motors 1 and 2 excitation current references (target values)
mL, mL Pump load torque and average load torque at the motor side
mm DC electrical machine torque
mm1, mm2 Motors 1 and 2 torque values
mtot Total (overall) torque of the dual DC machine electrical drive
ua Common armature voltage
Δe1, Δe2 Motors 1 and 2 counter electromotive force small-magnitude perturbations
Δia1, Δia2 Motors 1 and 2 armature current small-magnitude perturbations
Δia1f , Δia2f Motors 1 and 2 armature filtered current small-magnitude perturbations
Δim1, Δim2 Motors 1 and 2 excitation current small-magnitude perturbations
ΔimR1 Motor 1 excitation current target perturbations
ΔimR2 Motor 2 excitation current target perturbations (also PI controller output)
Δmm, ΔmL Overall motor torque and load torque perturbations
Δωm Motor speed perturbations
Φm DC motor magnetic field flux
Φm(im1,2) Field flux vs. excitation current characteristic for motors 1 and 2
Φm1,2 Motors 1 and 2 magnetic field fluxes
ωm Dual motor drive rotational speed
ωss Dual motor drive rotational speed steady state value

Parameters
a The free parameter in the symmetrical optimum tuning procedure
A System matrix of the closed-loop dual DC electrical drive control system
cfek Equivalent drill-string pipeline stiffness
D Pump cylinder inner diameter
ibelt Belt drive transmission ratio
ig Gearbox transmission ratio
I Identity matrix (diagonal matrix with ones at the main diagonal)
Ia, Im Armature current and excitation (magnetizing) current steady-state values
Ian, Imn Armature current and excitation current nominal (rated) values
Ia1, Ia2 Motors 1 and 2 armature current steady-state values
Im1, Im2 Motors 1 and 2 excitation current steady-state values
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ImR1, ImR2 Motors 1 and 2 excitation current reference steady-state values
Jcs Crankshaft moment of inertia (total value)
Jds Driveshaft moment of inertia
Jm Motor moment of inertia (rotor inertia)
Jtot Total inertia referred to the transmission input (motor side)
Ke, Km DC motor electromotive force constant and torque constant, respectively
Kmp Borehole pressure vs. load torque proportionality coefficient (gain)
KΦ Equivalent gain
L Length of the connecting rod
La, Ra DC electrical machine armature inductance and resistance, respectively
La1, La2 Motors 1 and 2 armature inductances
p0, p1 Atmospheric pressure and pressure within the drill-string pipeline
QVds Drill-string (input) volumetric fluid flow rate and
Qdr Borehole (return) volumetric fluid flow rate
r Radius of the crankshaft
Ra1, Ra2 Motors 1 and 2 armature resistances
Tef Armature current measurement filter equivalent time constant
Tem Magnetizing current closed-loop system equivalent time constant
TΣ Equivalent lag time constant
Vds Drill-string volume
β Drilling fluid (mud) compressibility
±Δimax Current mirror PI controller limit values
ΔpDr Borehole (return) pressure drop
λ Vector of eigenvalues of the closed loop system
λi ith eigenvalue of the closed loop system (i = 1, . . . , 8)
Φm(Im1,2) Steady-state field flux for excitation current steady-state value Im1(Im2)
Φm(Im1,2)/im1,2 Field flux curve gradient at steady-state excitation current Im1,2
ω01, ω02 Motors 1 and 2 idle speed values
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drilling. Energies. 2022;15(5):1865. doi:10.3390/en15051865.

8. Di Carlo F, Mazzuto G, Bevilacqua M, Ciarapica FE. Retrofitting a process plant in an Industry 4.0 perspective for
improving safety and maintenance performance. Sustainability. 2021;13(2):646. doi:10.3390/su13020646.

https://doi.org/10.32604/EE.2021.014464
https://doi.org/10.32604/ee.2023.027668
https://doi.org/10.32604/ee.2023.027668
https://doi.org/10.32604/ee.2023.027703
https://doi.org/10.1002/aic.16842
https://doi.org/10.5897/IJWREE12.101
https://doi.org/10.2118/59019-ms
https://doi.org/10.3390/en15051865
https://doi.org/10.3390/su13020646


Energy Eng. 2025;122(5) 1695
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