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Hybrid heave drilling technology reduces 
emissions, operating costs for offshore drilling

ABSTRACT
In order to analyze the anticipated per-
formance of a large scale flywheel-based 
energy storage system in a real-world 
application, a detailed simulation of a 
heave compensating drawworks devel-
oped. The simulation as based on an 
actual drawworks, HITEC AHC-1000® 
to ensure relevance to practical appli-
cations. The simulation also includes 
a mathematical model of the flywheel 
dynamics and a proprietary power rout-
ing algorithm which holds the machine’s 
total power consumption constant. Fuel 
consumption data can also be analyzed 
by including the characteristics of a 
Caterpillar diesel generator set. The sim-
ulation results show a dramatic reduction 
(up to 75%) in average electric power 
demand, and even greater reductions 
(often up to 90%), in peak power draw. 

INTRODUCTION
Many electro-mechanical cyclical pro-
cesses could potentially benefit from the 
use of an energy storage system able 
to absorb, store, and relinquish large 
amounts of energy. Commonly used 
energy storage systems such as batter-
ies (chemical), hydraulic accumulators, 
or capacitors (electrical) are limited by 
size, weight, cost, capacity, power out-
put, cycling or efficiency considerations. 
A spinning flywheel (kinetic energy stor-
age) is an ideal, cost-effective way to 
store large amounts of readily-available 
energy.

A deep-sea drilling vessel fitted with a 
drawworks-based heave compensation 
system is an ideal candidate for the 
application of such an energy storage 
system. The highly periodic and pre-
dictable characteristics of ocean swells 
readily allow for highly efficient energy 
recovery; thereby eliminating the need 
for wasteful dissipation schemes.

THE DRAWWORKS		
Dynamics

To ensure results relevant to the real 
world, the specifications of the draw-
works model used are based on an actu-
al drawworks HITEC AHC-1000®, a 1000 
ton drawworks, in operation.

All relevant mechanics of the drawworks 
are considered and described math-
ematically. The model consists mainly of 
small, mathematically simple parts such 
as a winch drum or a gear reduction, 
coupled together mathematically via 
resultant forces. Main sources of fric-
tion and drag are included, such as wire 
rope elasticity and damping and sheave 
friction.

Mechanical systems

The dynamics model consists of the fol-
lowing simple mechanical systems:

• The AC motors

• Gear reductions

• The winch drum and winding mechanics

• Wire rope, sheaves and hook load

Figure 1: GEB22® AC motor speed-torque characteristic.
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Figure 2.  Proposed high torque AC motor speed-torque characterist ic. 4 

Table 1.  HITEC AHC-1000® ton drawworks specif ications. 

 
Drawworks specs 

 Symbol Value Uni t  

4 The newly developed direct drive motor is torque limited to the same current as the HITEC drawworks system.  The actual 
drawworks duty rating is approximately 40% greater than the simulation.  This study is to compare the two (2) systems at the same 
rating and is a study of energy storage and control of such. 

Figure 2: Proposed high torque AC motor speed-torque characteristic.
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The systems are separately modeled 
and coupled via force balances. The 
mechanical model is essentially a classic 
mass-spring-damper problem, with the 
inclusion of several important real-life 
non-linearity.

Motors and drives

The HITEC AHC-1000® drawworks uses 
six GE GEB22® AC induction motors. 
They are modeled as devices that con-
vert electrical power into a mechanical 
torque directly applied to a rotating iner-
tia (the rotor) at a constant efficiency 
of 95%. The motors and drives are able 
to fully regenerate power, also at an 
efficiency of 95%. The motor models are 
speed-controlled via PID controllers.  
The outputs are limited by speed-torque 
characteristics and major drive parame-
ters (slew rate, speed limits, etc.). Due to 
the periodic nature of heave compensa-
tion, the motors are allowed run at 140% 
load while heave compensating. 

The simulation will also be run using 
an innovative new dual-stator AC motor 
currently in development by KRW 
Technologies, Inc.  This motor is a large, 
low speed, very high torque machine 
that will be directly coupled to the winch 
drum, eliminating the necessity for a 
gear reduction. The rotor is ring shaped, 
with a concentric outer stator and inner 
stator. The outer stator will deliver 68% 
of the total torque, while the inner stator 
delivers the remaining 32%.

The drawworks will require four such 
motors, two on each side of the drum, 
coupled in series to a common shaft. 
Since rotational inertia on the high 
speed side of a gear reduction is effec-
tively multiplied by the square of the 
gear ratio, this direct drive setup will 
have a significantly lower total inertia 
(approximately 35% lower than the 
GEB22 equipped system) while the over-
all weight stays roughly the same. This 
system will also benefit from the elimi-
nation of gear backlash, greater redun-
dancy; lower cost drive system and high 
breakdown torque (225% of nominal).

Torque characteristics of both types of 
motors are plotted in figures 1 and 2. 
General drawworks specifications are 
listed in tables 1 and 2. The specifica-
tions for both drawworks mirror the 
actual HITEC AHC-1000® specifications 
as closely as possible (with the obvious 
exceptions in the direct drive system).

Gear reductions

Gear reductions simply multiply speed 
and torque by reciprocal ratios. Gearbox 

Table 1: HITEX AHC-1000® ton drawworks specifications.

Table 2: Proposed direct drive drawworks specifications.
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Gear rat io GR 10.5  
Number of  l ine parts N 14  
Drum radius R 1.867 M 
Drum length L 2.057 M 
Drum inert ia I d  12000 kg.m2 
Wire rope diameter  2.Rw 50.8 Mm 
Wire rope elast ic  modulus E 90 GPa 

GEB22 AC induction motor  
 Symbol Value Uni t  
Nominal  speed  800 RPM 
Continuous torque Tc 10,260 N.m 
Continuous power Pc 858 kW 
Intermit tent over load capacity   140 % 
Intermit tent torque T i  14,364 N.m 
Intermit tent  power Pi  1,201 kW 
Inert ia Im 18.2 kg.m2 
Number of  motors Nm 6  
 
 

Table 2.  Proposed direct drive drawworks specif ications. 

 
Drawworks specs 

 Symbol Value Uni t  
Gear rat io GR 1 (direct dr ive)  
Number of  l ine parts N 14  
Drum radius R 1.867 M 
Drum length L 2.057 M 
Drum inert ia I d  12000 kg.m2 
Wire rope diameter  2.Rw 50.8 Mm 
Wire rope elast ic  modulus E 90 GPa 

High torque/dual stator AC induction motor  
 Symbol Value Uni t  
Nominal  speed  98 RPM 
Continuous torque Tc 155,900 N.m 
Continuous power Pc 1600 kW 
Intermit tent over load capacity   150 %  (conservat ive 

rat ing)  
Intermit tent torque T i  233,900 N.m 
Intermit tent  power Pi  2400 kW 
Inert ia Im 1950 kg.m2 
Number of  motors Nm 4  
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Table 1.  HITEC AHC-1000® ton drawworks specif ications. 
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4 The newly developed direct drive motor is torque limited to the same current as the HITEC drawworks system.  The actual 
drawworks duty rating is approximately 40% greater than the simulation.  This study is to compare the two (2) systems at the same 
rating and is a study of energy storage and control of such. 
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Figure 3: Maximum energy fluctuation.
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Using these equations and taking the torque and power l imits into account,  an est imate can be 
made as to the maximum energy f luctuat ions. Since the energy f luctuat ion can become arbi trar i ly  
large wi th increasing heave per iod (al lowing high-ampli tude, but low-speed heaving motion), an 
upper l imit  to the heave per iod must be set.   This l imit  is  chosen as 18 seconds, corresponding to 
the maximum period considered in the HITEC AHC-1000® specif icat ions. Figure 3 shows the 
maximum possible energy f luctuat ions for varying hook loads and heave periods. For an 18 second 
per iod, the maximum energy f luctuat ion is  around 41 MJ. Note that none of these calculat ions take 
fr ic t ion into account, so the actual  number wi l l  be somewhat lower.  The maximum power draw can 
of  course direct ly  be determined from the speci f icat ions of the motors.  Account ing for  6 motors at 
140% capacity  and 95% eff ic iency, the maximum power draw wi l l  be approximately 7600 KW. 
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Figure 3.  Maximum energy f luctuation. 

 
 

FLYWHEEL SYSTEM 

Dynamics 

Dynamical ly  the f lywheel  is  a very s imple device. I t  is  a s imple torque device (an AC induct ion 
motor /generator)  coupled to a large rotat ional iner t ia.  The governing equation is :  
  

dTIT += ω&  (3)  
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inertias are included. Associated non-
linearity includes friction and gear back-
lash.

Winch and cables

The winch drum is modeled as a rotat-
ing device with a rotational inertia 
that converts torque into linear force. 
Furthermore, the winding of cable layers 
is included in the model. When a layer 
fills up, the overall radius of the winch 
drum increases accordingly. The effec-
tive inertia of the drum increases as 
cable is wound on it. In the case of the 
parameters considered here, the inertia 
of the fully wound drum is almost twice 
the inertia of the empty drum.

The cables are modeled as damped 
springs with a variable length (and 
therefore, variable spring and damping 
values). The modulus of elasticity for the 
cables used is 90 GPa, and the damping 
ratio is approximately chosen so that the 
overall system is slightly underdamped. 

Control

The simulation includes several common 
control and safety systems, such as an 
acceleration limiter, floor/crown saver 
and breakaway protection. For the situa-
tion being considered most of these sys-
tems are disabled except for the active 
heave compensating system. This system 
uses a heave velocity signal to modulate 
the speed demand signal that is sent to 
the motor drives.

Estimated power and 
energy draw
For proper flywheel sizing, an estimate 
should be made of the drawworks’ peak 
power draw and energy fluctuation. For 
a rough estimate it is adequate to con-
sider the potential (block height relative 
to ship deck) and kinetic (rotation of 
drum and motor) energy contained in the 
drawworks system, neglecting friction:

 	

 (1)

where

In this simple approximation, the hook 
is assumed to be held absolutely motion-
less while the ship heaves sinusoidal 
with heave height H(t). Energy is con-
tained as potential energy in the relative 
hook height and as kinetic energy in the 
rotating motors and winch drum.  Drum 
speed    is assumed to be exactly pro-
portional with heave speed, with a factor 
based on the number of line parts N and 
drum radius R. The total effective inertia 
It stems from the drum inertia plus the 
total effective inertia of the motors seen 
through a gear reduction of GR.

Using the following equations, we can 
find the absolute minimum and maxi-
mum of E(t), and the total (peak-to-peak) 
energy fluctuation:

 	  (2)

 
where

Using these equations and taking the 
torque and power limits into account, 
an estimate can be made as to the 
maximum energy fluctuations. Since the 
energy fluctuation can become arbitrari-
ly large with increasing heave period 
(allowing high-amplitude, but low-speed 
heaving motion), an upper limit to the 
heave period must be set.  This limit is 
chosen as 18 seconds, corresponding to 
the maximum period considered in the 
HITEC AHC-1000® specifications. Figure 
3 shows the maximum possible energy 
fluctuations for varying hook loads and 
heave periods. For an 18 second period, 
the maximum energy fluctuation is 
around 41 MJ. Note that none of these 
calculations take friction into account, 
so the actual number will be somewhat 
lower. The maximum power draw can of 
course directly be determined from the 
specifications of the motors. Accounting 
for 6 motors at 140% capacity and 95% 
efficiency, the maximum power draw will 
be approximately 7600 KW.

FLYWHEEL SYSTEM
Dynamics

Dynamically the flywheel is a very simple 
device. It is a simple torque device (an 
AC induction motor/generator) coupled 
to a large rotational inertia. The govern-
ing equation is:

 	 (3)

where T is shaft torque, Td is aerody-
namic drag torque, I is the rotational 
inertia and     denotes the time deriva-
tive of angular velocity. The total amount 
of kinetic energy contained in the rotat-
ing mass is

 	 (4)

and the power transfer is the time deriv-
ative of this. 

The aerodynamic drag of the spinning 
flywheel is estimated by considering the 
shear drag on a flat plate, aligned paral-
lel to a fluid stream:

 	 (5)

where Fplate is the drag force, CDf is the 
shear drag coefficient,    is fluid density 
and V is linear velocity. Assuming the 
flywheel is cylindrical with thickness 
D; we can integrate equation (5) over 
the entire surface of the flywheel, and 
deduce the total drag torque: 

 	 (6)

A number of empirical formulas exist 
to determine the drag coefficient and in 
this case the following formula for tur-
bulent flow is used (from Munson et al. 
(1990)):

 	  (7)

where the Reynolds number  is based 
on the flywheel radius and tip speed. 
A much more detailed analysis can be 
found in Dorfman (1963).

Details on the simulated flywheel are 
listed in table 3. These specifications 
were chosen as a compromise between 
several factors, such as overall weight, 
energy capacity and (aerodynamic) 
power dissipation. Note that the induc-
tion motor mostly operates in a speed 
range above its nominal speed, in the 
constant-power region. This is prefer-
able for a flywheel system that should be 
able to output nominal power regardless 
of speed.

Control System 

The flywheel system has two main goals. 
First, it should store and reuse regen-
erated power realizing a lower overall 
average power consumption. Second, 
it should buffer the equipment’s power 
requirements in such a way that the 
power source sees a relatively constant 
load profile free of extreme peaks and 
valleys. Given unlimited (or very high) 
energy storage capacity or perfect 
predictability of the equipment power 
demand, it is a trivial task to achieve 
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Gear reductions 

Gear reduct ions s imply mult ip ly  speed and torque by reciprocal rat ios. Gearbox iner t ias are 
inc luded. Associated non- l inear i ty  inc ludes fr ic t ion and gear backlash. 

 

Winch and cables 

The winch drum is modeled as a rotat ing device wi th a rotat ional  iner t ia that  converts torque into 
l inear force.  Furthermore,  the winding of  cable layers is  included in the model .  When a layer f i l ls  
up,  the overal l  radius of  the winch drum increases accordingly. The ef fect ive inert ia of  the drum 
increases as cable is wound on i t .  In the case of  the parameters considered here, the iner t ia of  the 
fu l ly  wound drum is almost twice the iner t ia of  the empty drum. 

The cables are modeled as damped spr ings wi th a var iable length (and therefore,  var iable spr ing 
and damping values).  The modulus of  e last ic i ty  for  the cables used is  90 GPa, and the damping 
rat io is  approximately chosen so that the overal l  system is s l ight ly  underdamped.  

 

Control 

The s imulat ion inc ludes several  common control  and safety systems, such as an accelerat ion 
l imi ter ,  f loor/crown saver and breakaway protect ion.  For the s i tuat ion being considered most of  
these systems are disabled except for  the act ive heave compensat ing system. This system uses a 
heave veloci ty  s ignal  to modulate the speed demand signal  that  is  sent  to the motor dr ives.  

 

Estimated power and energy draw 

For proper f lywheel s iz ing, an est imate should be made of the drawworks’ peak power draw and 
energy f luctuat ion.  For a rough est imate i t  is  adequate to consider the potent ia l  (block height 
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In th is  s imple approximat ion,  the hook is  assumed to be held absolutely  motionless whi le the ship 
heaves s inusoidal wi th heave height ( )tH .  Energy is contained as potent ia l  energy in the relat ive 

hook height and as k inet ic  energy in the rotat ing motors and winch drum.  Drum speed  is  
assumed to be exact ly  proport ional  with heave speed, with a factor  based on the number of  l ine 
parts  and drum radius

θ&

N R .  The total  ef fect ive inert ia stems from the drum inert ia p lus the total  

ef fect ive inert ia of  the motors seen through a gear reduct ion of .  
tI

GR
 

Using the fo l lowing equat ions, we can f ind the absolute minimum and maximum of ,  and the 
total  (peak-to-peak) energy f luctuat ion:  

)(tE
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l imi ter ,  f loor/crown saver and breakaway protect ion.  For the s i tuat ion being considered most of  
these systems are disabled except for  the act ive heave compensat ing system. This system uses a 
heave veloci ty  s ignal  to modulate the speed demand signal  that  is  sent to the motor dr ives.  

 

Estimated power and energy draw 

For proper f lywheel s iz ing, an est imate should be made of the drawworks’ peak power draw and 
energy f luctuat ion.  For a rough est imate i t  is  adequate to consider the potent ia l  (block height 
relat ive to ship deck) and k inet ic ( rotat ion of  drum and motor)  energy contained in the drawworks 
system, neglect ing fr ic t ion: 
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In th is  s imple approximat ion,  the hook is  assumed to be held absolutely  motionless whi le the ship 
heaves s inusoidal wi th heave height ( )tH .  Energy is contained as potent ia l  energy in the re lat ive 

hook height and as k inet ic  energy in the rotat ing motors and winch drum.  Drum speed  is  
assumed to be exact ly  proport ional  with heave speed, with a factor  based on the number of  l ine 
parts  and drum radius
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N R .  The total  ef fect ive inert ia stems from the drum inert ia p lus the total  

ef fect ive inert ia of  the motors seen through a gear reduct ion of .  
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Using the fo l lowing equat ions, we can f ind the absolute minimum and maximum of ,  and the 
total  (peak-to-peak) energy f luctuat ion:  
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Using these equations and taking the torque and power l imits into account,  an est imate can be 
made as to the maximum energy f luctuat ions. Since the energy f luctuat ion can become arbi trar i ly  
large wi th increasing heave per iod (al lowing high-ampli tude, but low-speed heaving motion), an 
upper l imit  to the heave per iod must be set.   This l imit  is  chosen as 18 seconds, corresponding to 
the maximum period considered in the HITEC AHC-1000® specif icat ions. Figure 3 shows the 
maximum possible energy f luctuat ions for varying hook loads and heave periods. For an 18 second 
per iod, the maximum energy f luctuat ion is  around 41 MJ. Note that none of these calculat ions take 
fr ic t ion into account, so the actual  number wi l l  be somewhat lower.  The maximum power draw can 
of  course direct ly  be determined from the speci f icat ions of the motors.  Account ing for  6 motors at 
140% capacity  and 95% eff ic iency, the maximum power draw wi l l  be approximately 7600 KW. 
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Figure 3.  Maximum energy f luctuation. 

 
 

FLYWHEEL SYSTEM 

Dynamics 

Dynamical ly  the f lywheel  is  a very s imple device. I t  is  a s imple torque device (an AC induct ion 
motor /generator)  coupled to a large rotat ional iner t ia.  The governing equation is :  
  

dTIT += ω&  (3)  
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where T  is  shaft  torque,  is  aerodynamic drag torque, dT I  is  the rotat ional  iner t ia and ω&  denotes 
the t ime derivat ive of angular  veloc i ty .  The total  amount of  k inet ic  energy contained in the rotat ing 
mass is 

2
2

1 ωIE =  (4)  

and the power t ransfer is  the t ime der ivat ive of  th is .   

The aerodynamic drag of  the spinning f lywheel  is  est imated by consider ing the shear drag on a f lat  
p late,  a l igned paral le l  to a f lu id stream: 

2
2

1 AVCF Dfplate ρ=  (5)  

where  is  the drag force,  is  the shear drag coeff ic ient,  plateF DfC ρ  is f lu id density  and V  is  l inear 

veloci ty .  Assuming the f lywheel is  cyl indr ical  wi th th ickness ;  we can integrate equat ion (5) over 
the ent i re surface of the f lywheel,  and deduce the total  drag torque:  
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A number of  empir ical  formulas exist  to determine the drag coeff ic ient and in this  case the fo l lowing 
formula for  turbulent  f low is  used ( from Munson et  a l .  (1990)) :  
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where the Reynolds number is  based on the f lywheel radius and t ip speed. A much more 
detai led analysis can be found in Dorfman (1963).  

Re

Detai ls on the s imulated f lywheel  are l is ted in table 3.  These speci f icat ions were chosen as a 
compromise between several  factors,  such as overal l  weight,  energy capacity  and (aerodynamic)  
power dissipat ion. Note that the induct ion motor  most ly operates in a speed range above i ts 
nominal  speed, in the constant-power region.  This is preferable for  a f lywheel  system that  should 
be able to output nominal power regardless of  speed. 

 

Table 3.  Flywheel detai ls.  

Motor/generator (2 per f lywheel)  
Nominal  speed 800 RPM 
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Thickness 0.20 m 
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Detai ls on the s imulated f lywheel  are l is ted in table 3.  These speci f icat ions were chosen as a 
compromise between several  factors,  such as overal l  weight,  energy capacity  and (aerodynamic)  
power dissipat ion. Note that the induct ion motor  most ly operates in a speed range above i ts 
nominal  speed, in the constant-power region.  This is preferable for  a f lywheel  system that  should 
be able to output nominal power regardless of  speed. 
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these two goals. However, in the interest 
of practicality and cost, it is desirable 
to dimension the device such that its 
energy and power capacity is consistent 
with the machine’s maximum estimated 
peak-to-peak energy fluctuations and 
power demand. In the previous section, 
the energy fluctuation is estimated to 
be approximately 41 MJ and a flywheel 
capacity of roughly double that amount 
will ensure a sufficient energy range. 
Maximum power to be delivered by the 
flywheel is roughly equal to the maxi-
mum power rating of the equipment it 
will be used with. 

The flywheel system being consid-
ered will consist of the same GEB22 
AC motors as used in the drawworks 
coupled to a large steel disc. Two motors 
facing each other will drive a common 
flywheel situated in between them. Three 
of these units are sufficient to provide 
the power and energy storage capacity 
needed for the drawworks. The specifi-
cations are listed in table 3. The motors 
all operate in parallel.

Topology

There are four main power generating or 
consuming systems:

A. The main power source: electrical 
grid, diesel generators, etc. 

(power generation)

B. The “equipment” (in this section, 
“equipment” will refer to drawworks sys-
tem as whole)

(power consumption and (re)generation)

C. The flywheel energy storage system 

(power consumption and (re)generation)

D. An excess power sink (power con-
sumption)

Note that this categorization pertains 
purely to the operating principles of the 
flywheel control algorithm; the topology 
of the actual power electronics equip-
ment is not being considered here. The 
four systems labeled A through D in 
figure 4) are connected to a (hypotheti-
cal) central black box which coordinates 
energy transfer between the systems. 

Algorithm 

The controller routes power to and from 
the four systems according to the follow-
ing priorities in order of importance:

-1- the power demand of the application 
(B) is satisfied.

Figure 3: Maximum energy fluctuation.
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Figure 4: Power routing topology.

Table 4: Energy transfer routes.
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Table 4.  Energy transfer routes. 

Energy transfer between the four systems 
 To A To B To C To D 
From A  R1 R4 -  
From B -   R2 R5 
From C -  R2  R3 
From D -  -  -   
 

Algorithm 6 

The control ler  routes power to and from the four systems according to the fo l lowing pr ior i t ies in 
order of  importance: 

-1- the power demand of the appl icat ion (B) is  sat is f ied. 
-2- the f lywheel (C) operates within i ts  preset l imits .  
-3- the power drawn from the main power source (A) is  constant (as possible) .  
-4- the f lywheel contains suff ic ient energy to supply the next demand peak.  
-5- the f lywheel has suff ic ient “headroom” to absorb the next regenerat ion peak.  
-6- a minimal amount of  power is  routed to the power s ink (D).  

There are several  possible routes along which the black box can transfer energy, denoted as 1 
through 5 in f igure 4 and table 4.  The unlabeled routes are ei ther impossible or  impract ical  in real-
l i fe s i tuat ions and are not considered. 

For each route l is ted above an energy index ( IE)  and a power index ( IP)  is  def ined,  both ranging 
f rom -1 to +1. The energy index is re lated to the f lywheel  charge and the power index is related to 
the power being demanded by the appl icat ion.  The amount of  power to be t ransferred along each 
route is a funct ion of  these two indices. Graphical ly  a sur face in three dimensional space is  def ined 
for  each route. The value of IE  and IP  can be seen as coordinates def in ing a point on th is  sur face.  

6 Patent Pending 
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Figure 5: Power transfer surface for route R5.
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The height of  the surface (ranging between -1 and 1) at  th is  point  is  then a measure of  the amount 
of  power to be transferred along that  route.  These surfaces have been chosen so that  the pr ior i t ies 
l is ted above are sat is f ied. 

As an example consider a typical  surface for  route R5 which controls  the amount of  power routed 
from the equipment to the power s ink ( f igure 5) .  In this  case I E  and IP  are direct ly  l inear ly  related to 
the f lywheel  charge and the machine’s power demand. The associated surface has height  0 almost 
everywhere, except for  where IE>.9 and IP<0.  In other words when power demand is  negat ive ( the 
drawworks is regenerat ing) and the f lywheel is  a lmost fu l ly  charged; the system begins to dissipate 
power through the s ink.  

The power and energy indices can be direct ly  l inearly  re lated to the current power demand or  
f lywheel charge respect ively (such as in the case of R5),  or  they can be f i l tered in some way. 
Simi lar ly ,  the surface height  is  somehow related to the amount of  power to be transferred along that 
route.  For example for  route R4 the power t ransfer is scaled by a factor  obtained by passing the 
equipment’s  power demand s ignal through a low-pass Butterworth f i l ter  wi th a cutoff  f requency 
below the machine’s typical  operat ing cycle frequency. The surface ( f igure 6)  is  shaped so that  
power is  cont inuously routed at a fa ir ly  constant  tr ick le through R4 (approximately at  the rate of  the 
machine’s average power consumption) except for  when the power demand is  h igh and f lywheel is 
a lmost depleted (diver t ing power generat ion resources straight to the equipment)  and when the 
f lywheel is  near maximum charge. 

Besides the main control  system, some minor logic can be added to fur ther opt imize the system’s 
performance. Two such addit ions are a gr id peak l imiter ,  which l imits  the maximum power draw from 
the gr id (or  generator set)  to a preset value and a precharge uni t  which precharges the f lywheel  to 
compensate for  in i t ia l  f i l ter  s tar t-up transients.  

The system is easi ly adapted to other appl icat ions.  The most important  parameters to consider are 
those for  the low-pass f i l ters ( f i l ter  order and cut-of f  f requency).  The power rout ing surfaces as 
developed for  th is  system are general ly  sui table to most cycl ical  appl icat ions. Usual ly only minor 
parameter adjustments are required to opt imize performance.  

  
Figure 5.  Power transfer surface for route R5. 
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-2- the flywheel (C) operates within its 
preset limits.

-3- the power drawn from the main power 
source (A) is constant (as possible).

-4- the flywheel contains sufficient ener-
gy to supply the next demand peak. 

-5- the flywheel has sufficient “head-
room” to absorb the next regeneration 
peak. 

-6- a minimal amount of power is routed 
to the power sink (D).

There are several possible routes along 
which the black box can transfer energy, 
denoted as 1 through 5 in figure 4 and 
table 4. The unlabeled routes are either 
impossible or impractical in real-life 
situations and are not considered.

For each route listed above an energy 
index (IE) and a power index (IP) is 
defined, both ranging from -1 to +1. The 
energy index is related to the flywheel 
charge and the power index is related 
to the power being demanded by the 
application. The amount of power to be 
transferred along each route is a func-
tion of these two indices. Graphically a 
surface in three dimensional space is 
defined for each route. The value of IE 
and IP can be seen as coordinates defin-
ing a point on this surface. The height 
of the surface (ranging between -1 and 
1) at this point is then a measure of the 
amount of power to be transferred along 
that route. These surfaces have been 
chosen so that the priorities listed above 
are satisfied.

As an example consider a typical surface 
for route R5 which controls the amount 
of power routed from the equipment to 
the power sink (figure 5). In this case 
IE and IP are directly linearly related to 
the flywheel charge and the machine’s 
power demand. The associated surface 
has height 0 almost everywhere, except 
for where IE>.9 and IP<0. In other words 
when power demand is negative (the 
drawworks is regenerating) and the fly-
wheel is almost fully charged; the system 
begins to dissipate power through the 
sink.

The power and energy indices can be 
directly linearly related to the cur-
rent power demand or flywheel charge 
respectively (such as in the case of R5), 
or they can be filtered in some way. 
Similarly, the surface height is some-
how related to the amount of power 
to be transferred along that route. For 
example for route R4 the power transfer 
is scaled by a factor obtained by pass-
ing the equipment’s power demand 
signal through a low-pass Butterworth 
filter with a cutoff frequency below the 
machine’s typical operating cycle fre-
quency. The surface (figure 6) is shaped 
so that power is continuously routed 
at a fairly constant trickle through 
R4 (approximately at the rate of the 
machine’s average power consumption) 
except for when the power demand is 
high and flywheel is almost depleted 
(diverting power generation resources 
straight to the equipment) and when the 
flywheel is near maximum charge.

Figure 6: Power transfer surface for route R4.
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Figure 6.  Power transfer surface for route R4. 

 

IMPLEMENTATION 

Simulink 

All  s imulat ions were developed in and run in Simul ink which is  a software package that is used in 
conjunct ion with MATLAB (both by the MathWorks) .  I t  provides a graphical  inter face to model h ighly 
complex dynamic systems as the fami l iar  block diagrams ( f igure 7).  I t  is  a very extensive numerical  
ordinary di f ferent ia l  equat ion (ODE) solver .  As long as a complex system can be broken down into 
mathematical ly s imple components (masses, spr ings, etc.)  i t  can be modeled in Simul ink in a fa ir ly  
s tra ightforward manner.   

 
Figure 7.  Simulink block diagram. 

The s imulat ion is div ided into two (2) separate parts.  Firs t ,  the drawworks dynamics simulat ion is  
run for  a certa in amount of  t ime ( for  example, 400 s imulated seconds). This s imulat ion outputs, 
among other th ings,  the drawworks’  power requirement load prof i le. This load prof i le is  
subsequent ly  used as an input for  the s imulat ion of  the f lywheel dynamics and the f lywheel  control  
system. The s imulat ion is  spl i t  up for  several  reasons, the f i rs t  reason being modular i ty .   The 
f lywheel s imulat ion can accept any t ime-based load  prof i le as input ,  be i t  generated by s imulat ion 
or  actual  measured data.  The other reason is  computat ional  ef f ic iency. Since there is  only a one-
way dependency between the drawworks dynamics and the f lywheel system each part  of  the 
s imulat ion can ut i l ize i ts  own optimal  solver.  

Figure 7: Simulink block diagram.
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Figure 8: Screenshot of the simulation output animation.
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Solver 

The mathemat ical  nature of the drawworks dynamics s imulat ion is  d i f ferent f rom that  of  the f lywheel  
control  system.  The drawworks model is  a “st i f f ”  non l inear di f ferent ia l  equation. This means that 
the solut ion can sometimes change very abrupt ly  on a t ime scale that is  very short  compared to the 
t ime scale of  interest .  For example,  when a new layer forms on the winch drum, the veloci ty  of  the 
wire rope changes very abrupt ly ,  and therefore needs to be calculated in s imulat ion t ime steps in 
the order of  microseconds. However,  i t  would take very long t ime to compute the ent i re s imulat ion 
(400 seconds) in s imulat ion steps of  1 microsecond. A var iable-step st i f f  solver  is  used which takes 
big calculat ion steps ( for  example,  0.1 seconds);  unt i l  a “st i f f ”  nonl inear i ty  is  encountered at  which 
t ime i t  then calculates in much shorter  s teps.  

The f lywheel control  system simulat ion contains many logic-based components that can change 
their  output between discrete states instantaneously.  This would pose a problem to a var iable-step 
st i f f  solver that would reduce i ts  s tep size indef in i te ly  whenever such a discrete transi t ion occurs 
(which is  of ten) .  Therefore the f lywheel control  system is s imulated using a f ixed-step discrete 
solver .  

 

Simulation process 

Before the simulat ion is  star ted a parameters f i le that inc ludes simulat ion sett ings (solver , s tep 
t ime, s imulat ion durat ion) ,  drawworks parameters ( iner t ias, geometry,  speed-torque character is t ics,  
etc.)  and f lywheel  contro l  system sett ings (power rout ing surfaces, f i l ter  sett ings, etc.)  is  loaded. 
Firs t  the drawworks s imulat ion runs, then i ts  power demand output is  loaded into the f lywheel 
s imulat ion as an input .  The most important output  of  the f lywheel  s imulat ion is  the systems tota l  
power draw. This output and others is  used in the post-processing where result ing electr ic  power 
draw and diesel  generator set fuel  consumption and emissions are calculated and plots of  th is data 
are generated. Also a s imple animat ion of  the resul t ing data is  generated ( f igure 8) ,  which is  useful  
as a quick check for  any obvious errors in the simulat ion output.   

  
Figure 8.  Screenshot of  the simulation output animation. 
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Besides the main control system, some 
minor logic can be added to further 
optimize the system’s performance. Two 
such additions are a grid peak limiter, 
which limits the maximum power draw 
from the grid (or generator set) to a 
preset value and a precharge unit which 
precharges the flywheel to compensate 
for initial filter start-up transients.

The system is easily adapted to other 
applications. The most important 
parameters to consider are those for the 
low-pass filters (filter order and cut-off 
frequency). The power routing surfaces 
as developed for this system are gener-
ally suitable to most cyclical applica-
tions. Usually only minor parameter 
adjustments are required to optimize 
performance. 

IMPLEMENTATION
Simulink

All simulations were developed in and 
run in Simulink which is a software 
package that is used in conjunction with 
MATLAB (both by the MathWorks). It 
provides a graphical interface to model 
highly complex dynamic systems as the 
familiar block diagrams (figure 7). It is a 
very extensive numerical ordinary differ-
ential equation (ODE) solver. As long as 
a complex system can be broken down 
into mathematically simple components 
(masses, springs, etc.) it can be modeled 
in Simulink in a fairly straightforward 
manner. 

The simulation is divided into two (2) 
separate parts. First, the drawworks 
dynamics simulation is run for a cer-
tain amount of time (for example, 400 
simulated seconds). This simulation 
outputs, among other things, the draw-
works’ power requirement load profile. 
This load profile is subsequently used 
as an input for the simulation of the fly-
wheel dynamics and the flywheel control 
system. The simulation is split up for 
several reasons, the first reason being 
modularity.  The flywheel simulation can 
accept any time-based load profile as 
input, be it generated by simulation or 
actual measured data. The other reason 
is computational efficiency. Since there 
is only a one-way dependency between 
the drawworks dynamics and the fly-
wheel system each part of the simulation 
can utilize its own optimal solver.

Solver

The mathematical nature of the draw-
works dynamics simulation is different 
from that of the flywheel control system.  

Figure 9: Hoisting capacity verification.
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RESULTS 

Verif ication 

To ver i fy the accuracy of  the s imulat ion, i ts  resul ts  were f i rs t  compared to the of f ic ia l  HITEC AHC-
1000 specif icat ions. Figure 8 shows the s imulated maximum hoist  capacity  over laid on a scan of  the 
of f ic ia l  speci f icat ions. The resul ts agree wel l  wi th the speci f icat ions.   

Figure 10 shows the heave compensat ion l imits calculated through s imulat ion, over laid onto the 
scanned AHC 1000® plot.  The areas where the results  d iverge sl ight ly f rom the speci f icat ions can 
be att r ibuted to di f fer ing fr ic t ion factors,  motor speci f icat ions and control  parameters.  Since not 
every parameter was given in the AHC-1000® specif icat ions, some had to be assumed or  
calculated. I t  is  l ikely that  some of  these parameters do not exact ly match those used to calculate 
the off ic ial  speci f icat ions, causing the discrepancies seen in f igure 10. 
 

  
Figure 9.  Hoisting capacity verif ication .  

Figure 10: Maximum heave amplitude.
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Figure 10. Maximum heave amplitude. 

 
Power usage 

The simulat ion was run for  several  d i f ferent l imi t  cases for  both the or ig inal  HITEC AHC-1000 and 
direct  dr ive conf igurat ions to ensure that the system performs adequately under di f ferent 
condit ions.  

The overal l  power draw prof i le for  the drawworks system is s ignif icant ly improved when the f lywheel  
system is  implemented ( table 5,  f igure 11).  The high peaks (which coincide wi th the downward 
heaving movement)  and deep val leys (upward heave) are fu l ly  buffered by the stored energy in the 
f lywheels and the result ing power draw prof i le shows only minor f luctuat ions. The effect  of  the 
f lywheel  system’s star t -up t ransient can be seen in f igure 11, which plots the total  external  power 
draw of the drawworks (with (red) and without (green) the f lywheel  system enabled).  In i t ia l ly ,  the 
f lywheel ’s  precharge is supplying most of  the power to the drawworks,  whi le external  power draw 
s lowly picks up. Table 5 shows that the peak load is  reduced by a factor of  10 or  more in most 
cases whi le average power draw is  reduced approximately by a factor  of 4.  At low hook loads the 
ef fect  of  the lower rotat ional  inert ia of  the direct  dr ive system can be seen in the load prof i le,  but  at  
h igher hook loads this ef fect  is  overshadowed by the power demanded by the l inear heaving 
mot ion. 

Figure 12 shows the range of  operat ion for  a s ingle f lywheel motor  dur ing heave compensat ion 
operat ion. Al l  s ix motors operate in a paral le led conf igurat ion.  As the f lywheel accelerates and 
decelerates as a resul t  of  power transfer,  the dr iv ing motor ’s state traces out  an el l ipse in the 
speed-torque (and speed-power) p lot .  Depending on condit ions the el l ipse changes shape. A ta l l  
and narrow el l ipse means a smal l  amount of  energy is being transferred, but at a high rate (h igh 
power) .  Conversely,  in high load or  h igh wave ampl i tude si tuat ions, large amounts of  energy are 
t ransferred making for  a wide el l ipse.  

 

Table 5: Average and peak loads.
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Table 5.  Average and peak loads. 

 Generator  load 
wi th energy storage 

Generator  load 
wi thout energy storage 

Peak 488 kW 7119 kW AHC1000 
6s – 300 tons Average 413 kW 1684 kW 

Peak 505 kW 6531 kW Direct  dr ive 
6s – 300 tons Average 390 kW 1536 kW 

Peak 470 kW 4510 kW AHC1000 
6s – 900 tons Average 391 kW 1402 kW 

Peak 469 kW 4475 kW Direct  dr ive 
6s – 900 tons Average 391 kW 1401 kW 

Peak 933 kW 7328 kW AHC1000 
18s – 900 
tons 

Average 661 kW 2331 kW 

Peak 933 kW 7310 kW Direct  dr ive 
18s – 900 
tons 

Average 661 kW 2331 kW 
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  Figure 11. Load 
profi le plots.  
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The drawworks model is a “stiff” nonlin-
ear differential equation. This means that 
the solution can sometimes change very 
abruptly on a time scale that is very short 

compared to the time scale of interest. 
For example, when a new layer forms on 
the winch drum, the velocity of the wire 
rope changes very abruptly, and there-

fore needs to be calculated in simulation 
time steps in the order of microseconds. 
However, it would take very long time 
to compute the entire simulation (400 
seconds) in simulation steps of 1 micro-
second. A variable-step stiff solver is used 
which takes big calculation steps (for 
example, 0.1 seconds); until a “stiff” non-
linearity is encountered at which time it 
then calculates in much shorter steps. 

The flywheel control system simulation 
contains many logic-based components 
that can change their output between 
discrete states instantaneously. This 
would pose a problem to a variable-step 
stiff solver that would reduce its step 
size indefinitely whenever such a dis-
crete transition occurs (which is often). 
Therefore the flywheel control system 
is simulated using a fixed-step discrete 
solver.

Simulation process

Before the simulation is started a 
parameters file that includes simulation 
settings (solver, step time, simulation 
duration), drawworks parameters (iner-
tias, geometry, speed-torque character-
istics, etc.) and flywheel control system 
settings (power routing surfaces, filter 
settings, etc.) is loaded. First the draw-
works simulation runs, then its power 
demand output is loaded into the fly-
wheel simulation as an input. The most 
important output of the flywheel simula-
tion is the systems total power draw. 
This output and others is used in the 
post-processing where resulting electric 
power draw and diesel generator set fuel 
consumption and emissions are calculat-
ed and plots of this data are generated. 
Also a simple animation of the resulting 
data is generated (figure 8), which is 
useful as a quick check for any obvious 
errors in the simulation output. 

RESULTS
Verification

To verify the accuracy of the simulation, 
its results were first compared to the 
official HITEC AHC-1000 specifications. 
Figure 8 shows the simulated maximum 
hoist capacity overlaid on a scan of the 
official specifications. The results agree 
well with the specifications. 

Figure 10 shows the heave compensa-
tion limits calculated through simulation, 
overlaid onto the scanned AHC 1000® 
plot. The areas where the results diverge 
slightly from the specifications can be 
attributed to differing friction factors, 
motor specifications and control param-

Figure 11: Load profile plots.
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Table 5.  Average and peak loads. 

 Generator  load 
wi th energy storage 

Generator  load 
wi thout energy storage 

Peak 488 kW 7119 kW AHC1000 
6s – 300 tons Average 413 kW 1684 kW 

Peak 505 kW 6531 kW Direct  dr ive 
6s – 300 tons Average 390 kW 1536 kW 

Peak 470 kW 4510 kW AHC1000 
6s – 900 tons Average 391 kW 1402 kW 

Peak 469 kW 4475 kW Direct  dr ive 
6s – 900 tons Average 391 kW 1401 kW 

Peak 933 kW 7328 kW AHC1000 
18s – 900 
tons 

Average 661 kW 2331 kW 

Peak 933 kW 7310 kW Direct  dr ive 
18s – 900 
tons 

Average 661 kW 2331 kW 
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Figure 12: Flywheel operating range.
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Figure 12. Flywheel operating range. 
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eters. Since not every parameter was 
given in the AHC-1000® specifications, 
some had to be assumed or calculated. It 
is likely that some of these parameters 
do not exactly match those used to cal-
culate the official specifications, causing 
the discrepancies seen in figure 10.

Power usage

The simulation was run for several dif-
ferent limit cases for both the original 
HITEC AHC-1000 and direct drive con-
figurations to ensure that the system 
performs adequately under different 
conditions. 

The overall power draw profile for 
the drawworks system is significantly 
improved when the flywheel system is 
implemented (table 5, figure 11). The 
high peaks (which coincide with the 
downward heaving movement) and deep 
valleys (upward heave) are fully buffered 
by the stored energy in the flywheels and 
the resulting power draw profile shows 
only minor fluctuations. The effect of 
the flywheel system’s start-up transient 
can be seen in figure 11, which plots the 
total external power draw of the draw-
works (with (red) and without (green) the 
flywheel system enabled). Initially, the 
flywheel’s precharge is supplying most of 
the power to the drawworks, while exter-
nal power draw slowly picks up. Table 5 
shows that the peak load is reduced by a 
factor of 10 or more in most cases while 
average power draw is reduced approxi-
mately by a factor of 4. At low hook loads 
the effect of the lower rotational inertia 
of the direct drive system can be seen in 
the load profile, but at higher hook loads 
this effect is overshadowed by the power 
demanded by the linear heaving motion.

Figure 12 shows the range of operation 
for a single flywheel motor during heave 
compensation operation. All six motors 
operate in a paralleled configuration. 
As the flywheel accelerates and decel-
erates as a result of power transfer, 
the driving motor’s state traces out an 
ellipse in the speed-torque (and speed-
power) plot. Depending on conditions the 
ellipse changes shape. A tall and narrow 
ellipse means a small amount of energy 
is being transferred, but at a high rate 
(high power). Conversely, in high load 
or high wave amplitude situations, large 
amounts of energy are transferred mak-
ing for a wide ellipse.

Generator requirements

The drastic reduction in peak power 
draw means that power production 
capacity can be reduced, for example, 

by putting generator sets offline. As a 
hypothetical example, we assume that 
the drawworks is powered by a number 
of CAT 3516 1280 KW diesel generator 
sets. During active heave compensa-
tion operations in 4 meter peak-to-peak 
waves with a period of 18 seconds and 
a 900 ton hook load (the bottom plot in 

figure 11) 6 of these gensets would nor-
mally need to be online. With the energy 
storage system in use only a single gen-
set needs to be online due to the greatly 
reduced peak power draw.

Figure 13 shows the fuel efficiency 
curves of these generator sets superim-
posed on histogram plots of the draw-

Figure 13: Fuel consumption histogram.
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Figure 13. Fuel consumption histogram. 
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Figure 14. Average fuel consumption. 

Figure 14: Average fuel consumption.
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works’ power draw (with and without 
the flywheel system). The efficiency 
curves show that a generator set is most 
efficient when operating near its maxi-
mum power rating. The histograms are 
a measurement of the relative amount of 
time that the drawworks is demanding a 
certain amount of power. When unaided 
by the flywheel device large amounts of 
power (up to 7500 KW) are drawn for 
short periods of time, but the overall 
power requirement is very low. With the 
flywheel-equipped drawworks the power 
usage is much more consistent (approxi-
mately 700 KW). The consistent power 
draw and the reduced average load 
results in a 75% lower fuel consumption 
with only a single genset online instead 
of the usual six. 

The tier 3 emissions for both situations 
were calculated as well. Hydrocarbon 
and Nox emissions are reduced by 
the same amount as the fuel savings, 
while CO and particulate emissions 
are reduced by even greater amounts 
(92% and 80%, respectively), due to the 
optimized operating range of the genset 
engine.

CONCLUSION
This simulation analyzes the anticipated 
performance of a flywheel system in a 
heave-compensating drawworks. The 
drawworks and flywheel simulation were 
modeled and work well. Average power 
demand during heave compensating 

operations is greatly reduced and sta-
bilized eliminating the large load peaks 
inherent in a drawworks-based heave 
compensation system. The results show 
a very stable and much-reduced power 
demand potentially reducing operating 
costs, capital and environmental impact.

The authors would like to note that 
since these simulations and article 
was written, a newer, much lower 
inertia motor has been developed and 
currently being proto-typed, therefore; 
much better results are achieved.
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Hydrocarbon and NoX emissions were reduced by the same amount as the fuel savings 
(75%) while carbon monoxide and particulate matter were reduced by 92% and 80%, 
respectively, due to the optimized operating range of the genset engines.


