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Abstract

In recent years, there has been a growing emphasis on utilizing energy storage to enhance grid resilience against disruptive
events. While renewable energy supply continues to expand, gravity-based solutions like pumped hydro remain dominant in the
commercial space. However, their geographical limitations constrain availability, scalability, and increase costs for co-locating
solar and wind energy. An alternative approach proposes repurposing idle oil and gas wells located closer to existing grid
infrastructure, offering a promising and cost-effective solution. This paper addresses the optimization and control of a
regenerative drive system coupled to an interior permanent magnet synchronous machine in a 300-meter well with a 100-Newton
weight. The study employs a dynamic MATLAB/Simulink model to simulate the operation of the electric drivetrain system
during storage and discharge operations. The results demonstrate an initial round-trip efficiency of 85.9% for the electrical
system alone and identify crucial factors for maximizing efficiency. The optimized operation and control of the
electromechanical drivetrain system hold great potential for minimizing the levelized cost of storage while maximizing

efficiency and revenue generation.

1. Introduction

Renewables are projected to increase from their current
share of 12% of the global energy supply to 90% in 2050 [1].
However, their intermittent nature necessitates increased
storage, as the existing power system continues to be
vulnerable to extreme weather events and cyber-physical
attacks. In the commercial space, global energy storage
capacity is dominated by gravity-based pumped hydro, with
the remaining contributions coming from flow batteries,
compressed air, flywheels, and other gravity-based mechanical
systems. However, these systems are challenged by carbon-
intense construction, the cost of co-locating solar and wind,
and low round-trip energy efficiency (70%).

Repurposing the numerous idle and orphaned oil and gas
wells that are conveniently located closer to existing grid
infrastructure offers a promising low-cost solution. Idle and
orphaned oil wells belong to the category of wells that are no
longer economically feasible for oil and gas production or
extraction. They may be repurposed for activities such as
natural gas storage, waste fluid disposal, or monitoring.
However, failure to adequately monitor and maintain wells can
result in the severe degradation of isolation materials such as
cement and casings, transforming them into pathways for gas
migration to the surface. This contributes to harmful methane
emissions and can pose environmental risks to communities
and ecosystems. [2]. According to a recent report by The

Interstate Oil and Gas Compact Commission (IOGCC), as of
2020, 1,619,071 idle wells exist in U.S.A. territories [2]. At
least 92,198 of these wells are orphaned. Each of these wells
is about 8 inches in diameter and has a depth in the range of
150 m to 3000 km. The prevalence of these wells presents a
significant challenge, prompting innovative solutions to utilize
their potential for other beneficial applications.

Idle wells near the existing grid can be converted into
utility-scale gravity energy storage systems (GESSs). GESSs
store energy by lifting weights through height, enabling the
capture and release of surplus energy from renewables. The
depth and dimensions of abandoned wells make them ideal for
energy harvesting through GESSs, offering benefits such as no
additional infrastructure, quick power balancing response, grid
resilience, flexible storage scheduling, adaptation to electricity
demand, coverage for renewable energy fluctuations, rapid
demand response, voltage stability, power factor correction,
and grid stabilization support.

The economic viability of such GESS based on repurposed
oil well infrastructure will depend on the levelized cost of
storage (LCOS), which considers the economic and technical
parameters that influence lifetime, the cost of storing and
discharging energy, and the round-trip efficiency. The round-
trip efficiency is the ratio of energy stored to energy retrieved
in a system. It is an important factor, as higher efficiency
translates to reduced losses and improved profitability. Efforts
are currently being made to achieve high round-trip efficiency.
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The electromechanical drivetrain system encompassing the
motor, gearbox, and inverter plays a crucial role in controlling
weight ramp rates and energy storage capacity, thus impacting
the round-trip efficiency. Minimizing the losses in this system
will maximizes the round-trip efficiency.

Requirements for power quality (IEEE standards [3,4])
have made most GESS designers select variable-speed AC
motors with regenerative abilities and power converters that
can accommodate gradual acceleration and deceleration
during charging and discharging. Botha et al. [5] focused on
the optimal selection of drivetrain candidates for GESS
considering the use of permanent magnet-based synchronous
machines for higher drivetrain efficiency. Ana et al. [6]
explored the use of high-speed permanent magnet motors for
small-scale industrial GESS Studies using conventional
wound rotor synchronous machines and asynchronous
machines (squirrel cage and wound rotor) have been reported
[7,8]. Although the choice of motor and inverter system is
determined by several factors, including costs, overload
capability, and efficiency, induction motors have been known
to be the most cost competitive solution with the shortest lead
times and greatest availability. Published reports on the
operation and control of the electromechanical system have
been very limited and have focused on hybrid GESS driven by
induction motors [7].

Gravitricity [9] are exploring the potential of GESS in
abandoned coal mines using high-speed induction motors.
Their studies found that increasing the weight’s mass or
density improves storage capacity, but with diminishing
returns. Motor and converter capacity limit the ramp rate,
highlighting the need for efficient selection to maximize
round-trip efficiency. Another company, Gravity Power [10]
drills boreholes, pressurizing water for storage, wherein a
reversible pump turbine with a conventional motor/generator
lifts a piston. This system is an evolved pumped-storage hydro
system that achieves a round-trip efficiency of around 70%.
Tong et al. [7] and Loudiyi et al. [11] modeled a pumped-hydro
storage GESS with a conventional synchronous generator.
They observed significant oscillations in stator current,
excitation voltage, and generated power during load
variations, which indicates need of an optimized Proportional-
Integral-Derivative (PID) controller.

More recently, Renewell Energy [12] has been at the
forefront of repurposing idle wells for GESS. Their approach
involves first sealing the wells just above the production zone,
which effectively mitigates the methane gas emissions and
prevents toxic fluids from leaching into nearby water
resources. Utilizing an electromechanical drivetrain system,
they then raise and lower weights into these wells to store and
discharge energy from and to the grid. The development of the
system is supported by the National Renewable Energy
Laboratory (NREL) and funded by the Advanced Research
Program Agency-Energy (ARPA-E) RIGS-UP project [13].
NREL’s involvement ensures selection and operation of
optimal drivetrain to maximize the round-trip efficiency As
part of this effort, this study demonstrates optimal control and
operation of a regenerative motor-drive unit with a 30-hp high-
speed interior permanent magnet synchronous machine
(IPMSM) using a MATLAB/Simulink model. IPMSMs offer

several advantages, including high efficiency and torque,
compactness, precise control, reliability, and low maintenance
requirements, making them highly suitable for the RIGS-UP
GESS.

This paper is structured as follows. Section 2 describes the
basic principle of the RIGS-UP GESS. Section 3 describes the
control and operation of the IPMSM drive along with the pulse
width modulated (PWM) converter, including the maximum
torque per ampere (MTPA) method [15]. In Section 4, the
proposed control is validated, and in Section 5, concluding
remarks are made.

2. The RIGS-UP Gravity
System (GESS)

The basic principle of the RIGS-UP GESS is similar to that
of many conventional GESS systems. It uses an available
depth or gradient to store the surplus energy from
nonconventional sources, except the depth is filled with an
incompressible fluid. The energy is stored in the form of
potential energy (E) using a certain mass m, suspended at a
depth A4, which is expressed as [5-7]:

E (J) = mgh, M

where g is the acceleration due to gravity. This energy can be
expressed in kWh as [3-5]:

E (kWh) = (2.77 X 10~7) x mgh.

Energy Storage

@)

During periods of surplus power, a motor-drive system
raises the weight through a height %, thereby converting the
electrical energy into mechanical potential energy. The
movement of the weight is resisted by the hydrodynamic drag
and buoyant force from the surrounding fluid. During storage,
which typically lasts for several hours to a few days, the weight
is suspended. When the electricity demand exceeds the
generation, the electromechanical system lowers the weight
and converts the potential energy into electrical energy. Fig. 1
shows a schematic diagram of the RIGS-UP GESS, wherein a
cylindrical weight of mass m, diameter d, and density p is
suspended in a well shaft of depth D. The major components

Water Table

0il'Gas Reservior

Fig. 1. Schematic of the RIGS-UP gravity energy storage system.
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Fig. 2. Schematic of the power electronics system comprising an [IPMSM fed
through a PWM converter.

of this system are (1) the well shaft, (2) the suspended weight,
and (3) the electromechanical system, which raises and lowers
the weight in the well shaft. This electromechanical system is
crucial in the lifting mechanism, which consists of a winch and
a wire drum connected to an electrical machine through a
gearbox. The grid provides the necessary power to drive the
winch, while the gearbox converts the rotational motion of the
machine into a suitable torque and lower speed for the drum.
The machine connected to the winch plays a vital role in power
conversion, converting electrical energy from the grid into
rotational mechanical energy during charging. The winch then
converts this mechanical energy into linear motion, storing it
as potential energy. During discharge, the process is reversed,
with the machine converting the mechanical energy back into
electrical energy. Therefore, efficient electromechanical
power conversion is essential for achieving the highest round-
trip efficiency.

2.1 Drivetrain Schematic, Specifications, and Assumptions

In this study, we explore the performance of a high-speed
IPMSM in motoring and regeneration mode. A 30-hp, 118-
Nm, 1800-rpm IPMSM manufactured by Marathon Electric
[14] is modeled in Simulink and fed through a three-phase,
480V, 60-Hz AC grid. The motor is assumed to be directly
coupled to a wire drum of 0.5-m diameter to lift and lower
al00-N weight through a 300-m-deep abandoned well. The
IPMSM drive is fed through a back-to-back PWM inverter
system that constitutes the power electronics system of the
electromechanical system in the GESS, such as the one
illustrated in Fig. 2.

To simplify the analysis, we do not consider the gearbox
and the hydrodynamic interactions between the fluid and the
weight. The shaft speed is used to decipher the position of the
weight. The control system optimizes round-trip efficiency
during ascent and descent.

The power electronics system comprises a PWM converter
and an IPMSM drive. The PWM converter comprises a boost
inductor connected in series with the grid and a grid-side
converter that converts AC power from the grid into DC power
for the IPMSM drive during charging. The inductor serves to
filter the voltage harmonics at the midpoint of each phase leg
of the grid-side converter. In addition, the inductor limits the
harmonic distortion in the line current.

The IPMSM drive comprises a load-side converter
connected to an IPMSM. The switching of this converter is
controlled using a Field-Oriented-Control (FOC) to deliver the
load torque at the reference speed. The FOC is a widely
recognized technique for controlling electric machines in all
the possible modes of operation, such as motoring, braking,
and reverse motoring. Its underlying principle involves
separating the current into two quadrature components: one

responsible for generating magnetic flux (/;) and another for
producing torque (Z;). This decoupling enables independent
control over these two quadrature current components. A
comparable approach is adopted for controlling PWM
converters. By decoupling the grid current, it is possible to
independently control the active component (which supplies
the load current and regulates the DC link voltage) and the
reactive component. In addition, the FOC ensures smooth
power conversion, meets IEEE and IEC standards, minimizes
losses, and enhances power quality. Therefore, the FOC is
used to control both the grid side and motor side converters,
which is explained in the following section.

3. Control and Operation of PWM Converter
Feeding the IPMSM Drive

The PWM converter feeding the IPMSM drive enables the
following features:

1.  Four quadrant operation: The PWM converter enables
power flow in both directions, allowing charging from the
grid and regenerative operation during discharging.

2. Voltage sag compensation: The boost rectifier mode
ensures a constant DC link voltage, maintaining system
operation even during grid voltage fluctuations.

3. Controlled power factor: The PWM converter maintains
a unity power factor by adjusting the load-side converter
to meet the motor’s reactive power demand, enabling
efficient power transfer between the grid and DC link.

Assuming a typical motor efficiency (1,,) as 95%, and the
efficiency of the grid-side converter (14) as 98%, the required
DC power (Ppc) and grid-side power (Pgiq) are expressed as:

Ppe = Vpelpe = P";—n: = 23.56 kW 3)

P

Ppc
g =—=24.04 .
orid = 04 kW

“

Notably, the DC link voltage synthesizes a PWM voltage
at the three-phase terminal of the grid-side converter. To
ensure sinusoidal PWM voltage (Vi,), the DC link voltage
must satisfy (5) [16]:

Voe = 2V2V, (5)

where V, is the AC grid phase voltage. Thus, in the following
analysis, the phase voltage is maintained at 785V. For a linear
continuous PWM scheme, the grid-side converter phase
voltage (Vi.) can be expressed as [15]:

mVpc

Xk ©)

where m is the modulation index. Herein, to ensure lower
current and voltage harmonics, a space-vector PWM
(SVPWM) scheme is used. Thus, the maximum possible
modulation index is 1.15. However, to ensure a sufficient pulse
width, the modulation index is limited to 1. Therefore, using
(6), the grid-side converter voltage is 481V. To achieve unity
power factor at the grid, the grid voltage and the current must
be co-phasal. The phasor diagram representing the relation
between the grid voltage and the grid-side converter voltage
(Vimv) 1s illustrated in Fig. 3, wherein the grid-side converter
voltage is larger and lags the grid voltage. According to the

Viny =
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Fig. 3. Phasor diagram of PWM converter under operation.

phasor diagram, the inductance (L) is

VZ 2

grid inv>

L=—— (7

wlgrig
where Ig.q is the rated grid current. Using (7), the inductance
is 1.71 mH.

The capacitance (Cpc) of the capacitor at the DC link
depends on the permissible ripple voltage (4Vpc). If the peak-
to-peak permissible ripple voltage is 5%, then the DC link
capacitance is computed using (8) as [15]:
mlgriq
4wAVpe

Cpe = (8)

Thus, the DC link capacitance in this analysis is 1 mF.
Field-Oriented Control (FOC)

In FOC, the three-phase voltage and current (Vg, V5, Ve and
1., I, I.) are transformed into a two-phase equivalent system
(Va, Vp and Ia, Ip ) using a Clarke transformation [17], also
called a stationary reference frame. These quantities are further
transformed into synchronously rotating reference frames (Va,
V, and Iy, 1,) using a Park transformation [17], which rotates at
grid frequency (w). The Clarke and Park voltage
transformations can be expressed as [15]:

3.1

1 -2 =W
al _ 2 2
;] = o B || ©a)
2 2]tV
Val _[cos® sind [Va]
] - [—sine cose] Vgl (©b)
where 61is the angle between the stationary phase “a” axis and

the synchronously rotating “d” axis. The major difference
between the control of the PWM converter and the [IPMSM
drives lies in the alignment of the “d” axis when ¢ =0, which
is defined by the angle 6.

3.1.1 Field-Oriented Control of PWM Converter

In the FOC of the PWM converter, to reduce the variables
in control, we assume that the voltage phasor aligns with the
“g” axis, which implies that at @t =0, the “d” axis aligns with
the “a” axis, and the “d” axis component of the grid voltage is
0. ThlS simplifies the voltage equation in the synchronously
rotating frame which can now be expressed as [16]:

mw+Lﬂﬁ—

wligy +vig =vgq =0 (10a)

Rig, + L 14 wLigg + vig = Vg, (10b)

where R and L are the resistance and the inductance of the line
inductor, izs and iy, are the “d” and “q” axis grid current, @ is
the angular frequency, vgs and vg, are the “d” and “g” axis grid

[7Pt)

voltage, and the vis and v;, are the “d” and “q” axis components

of the grid-side converter voltage (Vin).

A schematic of the PWM converter FOC is shown in Fig.
4 (largely adapted from [15]). First, a phase-locked loop (PLL)
is used to compute the angle #[15]. Thereafter, the grid voltage
and current are transformed into “d” and “g” axis components
using (9), and these components are used as feedback terms for

the controllers. Then, the error in the DC link voltage

(epc = Vpe — V) is fed to the voltage controller (G,), which
is expressed mathematically as [18]:
Ky(1+sTy)

Gy = =2, an

where K, is the proportional gain and 7, is the integrator time
constant. The controller generates a reference signal for the
“q” axis current (iz4). For unity power factor operation, the
grid voltage and currents must be co-phasal. Hence, the “d”
axis reference current (igq) is set to 0. The errors in the “d” and
“q” axis currents (eq = igq — iga; €q = lgq — lgq) are fed to
the current controller (G,) as [16]:
_ Kc(1+sTp)
SsT¢

G, = , (12)
where K. is the proportional gain and T is the integrator time
constant. The controller generates reference signals for the “d”
and “q” axis grid-side converter voltages (vig, V;,). According
to equatlons (10a) and (10b), cross-coupling terms exist in the
“d” and “q” axis voltage equations. Thus, for their independent
control, the feedforward terms vgyand vy must be added to the
controller output to generate the final “d” and “¢” axis voltages
(va,vg). This is illustrated in Fig. 4 and is expressed
mathematically as [16]:

* i gd :
vy = PR Rigg + L——= |+ wliy, (13a)
vig vdff
o _ 1 ; digq ;
Vg = Rigg + LT —wligg |, (13b)
Vi Vaff

where vy and vy are the feedforward terms of “d” and “¢” and
K, is the converter gain with the time constant T The
dynamics of the voltage and current sensors are represented as
a first-order system with gains K; and K, respectively, and
time constants 7; and T3, respectively. In the synchronously
rotating frame, the active and reactive power (Pgia, Qgria) fed
by the grid are expressed mathematically as:

Pygria = g(vgq igq + Vgalga) = g(vgq igq) (14a)

= %(quigd - vgdigq) = %(vgqigd)- (14b)

For unity power factor operation, as the reactive power
input from the grid is zero, the “d” axis current reference (igq)
is set to 0. Using equations (3) and (14a), the power balance
constant (K) is defined as [16]:

Qgrid

2 "gquq
37'M ype

(15)

Klgq = IDC
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Fig. 4. Field-oriented control of PWM converter.
The parameters of the controllers are tuned according to [16].
3.1.2 Field-Oriented Control of IPMSM

The FOC of the IPMSM is like the FOC of the PWM
converter, except for the following:

1 Alignment of synchronously rotating frame: The
synchronously rotating frame is synchronised to the rotor
position (measured using the encoder) such that the “d”
axis is aligned with the magnet flux. Therefore, unlike the
PWM converter, the “d” axis motor voltage (v,,;) is
nonzero.

2 Reluctance torque: A “d” axis current is injected into the
IPMSM to harness the advantages of the reluctance torque
[17]. Therefore, unlike the PWM converter, the reference
signal for the “d” axis current (i,,4) is nonzero. The “d”
and “g” axis reference currents are generated using
Maximum Torque Per Ampere (MTPA) control [17],
which is discussed in Section 3.1.2.1. The MTPA
approach is used to obtain the minimum current space
vector for a constant torque trajectory, resulting in
minimal losses and maximum efficiency.

Akin to the FOC of the PWM inverter, the “d” and “g” axis
currents of the motor are controlled independently to achieve
the reference speed at a given load torque. The “d” and “g”
axis voltages can be expressed as [18]:

, di ,
Rgipmg + Lg d—";d — WeLgimg = Vma (16a)

. di .
Rgimg + Lg % + WeLgimg + Wl = Vg,  (16b)

where R is the stator winding resistance, Ly and L, are the “d”
and “g” axis inductances, @, is the electrical speed of the
synchronously rotating frame, 1, is the peak flux linkage, and
Vg and vy,g and iq and iy, are the “d” and “q” axis voltages
and the phase currents, respectively. The electrical speed is
related to the mechanical shaft speed (@y) as:

(17

w, = Pw,,

where P is the number of pole pairs. The electromagnetic
torque (74) developed by the machine depends on both the “d”
and “g” axis currents, and is expressed as [15]:

74 = 2P(Ymimg + (La = Lq)imaimg).  (18)

The first term in (18) represents the torque due to flux
linkage, whereas the second term represents the reluctance
torque, which arises due to the difference in the inductance
between the “d” and “g” axes. Because Ly< L, for IPMSM, the
torque can be increased by injecting negative “d” axis current.

A schematic of the FOC of the PWM inverter is given in
Fig. 5. Akin to the FOC of the PWM converter, the error in the
machine speed (e, = w,, — wy,) is fed to the speed controller
(Gw), which is expressed as [16]:

_ Ky(1+5Ty)
- STy

Gy , (19)
where Ko is the proportional gain and 7 is the integrator time.
The controller generates a reference signal for the
electromagnetic torque (7). This refence torque is used in the
MTPA control to generate the “d” and “g” axis current
references (i; and ig), which are discussed in Section 1.2.1.
The errors in the “d” and “¢” axis currents (e; = iy —
la; eq = ig — ig) are fed to the current controller (G/™), which
is expressed mathematically as [16]:

KT (1+sTI™)
b

m
ST}

G = (20)
where K is the proportional gain and T/" is the integrator
time. This controller generates reference signals for the “d”
and “g” axis voltages (vig, Vig). According to (16), cross-
coupling terms exist in the “d” and “q” axis voltage equations.

Thus, for independent control of the “d” and “q” axis
currents, feedforward terms (v vey) must be added to the
controller output to generate the “d” and “q” axis voltages
(vg,vg). This is illustrated in Fig. 5 and is expressed as [18]:

i dima .
Ué = K_m Rslmd + Ld (:tl — (l)equmq (213)
a S———
Ve vass
5
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Fig. 5. Field-oriented control of IPMSM with maximum torque per ampere control.

« 1 , di .
Vg = | Rimg + L% + WeLgimg + w.¥m | (21b)
_— -

a

¥ v,
Vg aff

where, vy and v,y are the feedforward terms of “d” and “g”
and K" is the converter gain with time constant T,". The
dynamics of the speed and current sensors are represented as a
first-order system with gains K{"* and KJ", and time constants
T/™ and TJ", respectively. The parameters of the controllers,
converters, and sensors are evaluated according to [18].

The inertia (J;) and friction coefficient (B) of the shaft
represent a first-order system that is used to deduce the
relationship between the electromagnetic torque (74) and the
load torque (t;):

_ d~T
™ T Us+B)’

3.1.2.1 Maximum Torque per Ampere (MTPA) Control

(22)

Using equation (18), the torque can be maximized by
injecting a negative “d” axis current, which is quantified using
MTPA control [17]. Using (18), the electromagnetic torque
can be expressed in per-unit (p.u) as [17]:

ot =i (1-ig"),
.p.u

where 74, if"", and if™ are the per-unit torque and the “d”

and “q” axis currents, respectively. The base values of the
torque and current are 74, . and ipqe, respectively, which are

expressed mathematically using [17] as:

(23a)

_¥m

~ Ta-Ly) (24a)

lhase =

3 .
Thase = Epl/)mlbase (24b)

For the MTPA control, the minimum current space vector

for constant torque is obtained when the “d” and “g” axis
currents satisfy the following relation [17]:
8(Td /is)
a—id =0 (253)
a(*dy,
M =0, (25b)
dig

where i, the stator current magnitude, which is expressed as
is = fié + iZ. Using (18) and (23-25), the per-unit torque can
be deduced as [17]:

= [ (1 - (262)
P = %ig” (1 + /1 + 4i§-“2>. (26b)

The reference “d” and “¢” axis currents can be estimated
using (26). However, (26) is a nonlinear equation. Therefore,
the reference “d” and “q” axis currents are estimated using a
lookup table. We assume that during normal operation, the “d”
and “g” axis currents are within 3 p.u. Using (26b), we
calculate the per-unit torque by varying the ig * between 0 and
3. Using (23a) and the calculated torque, we calculate i The
calculated iy and ij™ and the torque form a lookup table,
which is used to estimate the “d” and “g” axis currents for a
given reference torque. The reference torque is generated by
the speed controller. Importantly, this approach is quicker, and
it is based on a lookup table that is derived from only two
equations, (23a) and (26b). In addition, this method is general
enough to be applicable to any IPMSM, regardless of specific
motor parameters, owing to the per-unit conversion.

4. Results and Discussion

The control of the IPMSM drive fed through a PWM
converter is implemented and verified using a MATLAB
simulation. A MATLAB/Simulink model is used to evaluate
the dynamic and steady-state performance along with the
round-trip efficiency. For the simulation, a standard weight of
100 N is raised from a well of depth 300 m, which represents
the charging mode. The weight descends to represent the
discharging mode. The ground is marked as 0 m and the
bottom of the well is marked as =300 m. Fig. 6(a) shows the
plots for the load torque, developed electromagnetic torque,
shaft speed, and reference speed during both charging and
discharging modes. The actual depth of the weight follows the
reference depth without overshoot, which is mainly due to the
overdamped response of the position controller (Gp)
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Fig. 7. Grid voltage and current during the charging and discharging operation.

In addition, the shaft speed follows the reference speed
without a sluggish response. During acceleration and
deceleration, the machine develops rated electromagnetic
torque (118 Nm) to provide sufficient torque. During this
transient, the acceleration and deceleration are governed by the
shaft characteristics (22).

Fig. 6(b) illustrates the active and reactive power
consumed by the machine along with its efficiency. The
positive power represents the motoring mode of operation,
whereas the negative power represents the regenerating mode.
The machine consumes peak-rated power during acceleration
and deceleration. When the weight is raised, the machine
consumes electrical power and transforms it into mechanical
power. When the weight reaches the surface, the position
controller acts to reduce the speed by adjusting the speed
reference. At lower speeds, the machine efficiency drops
abruptly from 95% to 20%. A similar trend was observed
during the discharging operation. During discharging, the
weight descends to the bottom of the well. As the weight
descends, the machine operates as a generator and delivers
electrical power from the stored mechanical energy at 95%
efficiency. When the weight reaches the bottom of the well
(i.e., the reference depth), the position controller acts to reduce
the speed, and the machine speed decreases, resulting in an
abrupt decrease in machine efficiency. This is intuitive
because the speed-dependent losses in the machine are greater
at lower speeds. The grid voltage and the current during the

charging and discharging operation are shown in Fig. 7. As is
illustrated, the current is sinusoidal and is in phase with the
voltage. The current total harmonic distortion is less than 5%,
which adheres to the IEEE 1547-2018 [3] and IEC TS
62786:2017 [4] standards. Also, the power factor at the grid-
side is maintained unity during both modes of operation. This
is further validated by Fig. 8, which illustrates the active and
reactive power delivered and consumed by the grid along with
the efficiency of the driveline.

The efficiency at the grid side is calculated as the ratio of
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Fig. 8. Active and reactive power delivered by the grid and the efficiency of

the driveline during a round trip.
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the mechanical power output at the shaft to the active
power measured at the grid. During both modes of operation,
the reactive power consumption is 0 kVAR, which confirms
the unity power factor operation of the grid. Also, the overall
efficiency of the drivetrain follows the motor efficiency, which
indicates that the major losses occur within the electric
machine and can be improved by opting for a high-efficiency
motor. Notably, only the conduction losses within the
converters are considered, which is represented by the “ON”
state voltage drop across the semiconductor devices.

Fig. 9 shows the energy stored and delivered by the grid
during charging and discharging; this energy is the integration
of the grid active power. During the charging cycle, the energy
delivered by the grid increases. The total potential energy
stored during the charging cycle is 32.5 kJ, which is
represented as the energy at the end of the charging cycle.
During the discharging cycle, the energy decreases as the
stored mechanical energy is delivered back to the grid. The
energy at the end of the cycle represents the energy loss, which
is 4.58 kJ. The efficiency of the GESS during charging is
92.3%, which is calculated as the ratio of the potential energy
of the weight to the energy supplied by the gid. By contrast,
the efficiency during the discharging process is 84.73%, which
is due to low-speed operation over a long period.

The round-trip efficiency for the modeled system is 85.9%.
However, the losses in the mechanical system (comprising the
winch and the gearbox) were not considered. In addition, the
efficiency can be improved when the stored energy increases.
This can be achieved by increasing the weight or increasing
the duration of acceleration and deceleration (e.g., possible by
making use of a deeper well).

5. Conclusion

In this analysis, we develop control and operation of a
power electronics system for the RIGS-UP GESS application.
A dynamic MATLAB/Simulink model evaluates the
behaviour of a 30-hp IPSM-based drivetrain system. Results
indicate a round-trip efficiency of up to 85.9% solely from the
electrical system when storing 65 kJ of energy. The major
losses occur when the machine is operating at near-zero speed,
resulting in lower efficiency. The maximum efficiency occurs
during acceleration and deceleration. Therefore, the efficiency
can be maximized by increasing the ascent/descent time. This
can be achieved by utilizing a deeper well or by using a
gearbox with a greater speed reduction ratio that will increase
the duration of ascent/descent of the weight. However, using a
gearbox may incur additional mechanical losses.
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