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ABSTRACT Diesel electric generators are an inherent part of remote hybrid microgrids found in remote
regions of the world that provide primary frequency response (PFR) to restore system frequency during load
or generation changes. However, with inverter-based resources (IBR) integration into microgrids, the IBR
control provides a fast frequency response (FFR) to restore the system frequency. Hence, supplementing
PFR with FFR requires a sophisticated control system and a high fidelity diesel electric generator model to
design these control systems. In this work, a high-fidelity model of a diesel electric generator is developed.
Its parameters are tuned using a surrogate optimization algorithm by emulating its response during a load
change to a 400 kVA Caterpillar C-15 diesel generator, similar to those found in remote microgrids. The
diesel electric generator model consists of a synchronous machine, DC4B excitation with V/Hz limiter, and
a proposed modified IEEE GGOV1 engine-governor model (GGOV1D). The performance of the GGOV1D
is compared with simple, Woodward DEGOV, and a standard IEEEGGOV1 engine-governor model. Results
show that error in the diesel electric generator’s response to load changes using the GGOV1Dmodel is lower
with an improved frequency response during the arresting and rebound period than the other engine-governor
models.

INDEX TERMS Diesel generator modeling, diesel governor, power system dynamics, power system
stability, frequency stability, model parameterization, microgrid.

I. INTRODUCTION
Remote islanded microgrids like those found in the Arctic
and island nations are primarily powered by diesel electric
generators, with increasing contributions from inverter-based
renewable resources like wind and solar photovoltaics (PV).
There is significant interest in adopting more renewable
energy resources with the primary motivation of displacing
imported fossil fuels to reduce the cost of electricity and
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heat [1]. The integration of inverter-based generators (IBR)
reduces the system’s inertia. IBRs can cause numerous sta-
bility issues such as a high rate of change of frequency
(ROCOF) due to low inertia [2], [3], [4] and low-frequency
oscillations introduced by the phase-locked loop. Detailed
descriptions about these stability issues are presented in [4],
[5], [6], and [7]. Also, accuratemodels of such hybrid systems
are necessary to analyze the system’s stability. While there
has been much focus on high-fidelity IBR models, it is just
as important to have a high-fidelity diesel electric generator
model. The existing diesel electric generator models available
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in the literature are for small capacity diesel electric gen-
erators and not for hundreds of kilowatts hybrid microgrid
scale diesel electric generators. Also, it was found that the
existing diesel engine-governor models typically employed
in the literature produce poor frequency response compared
to our experimental data. Hence, the main focus of this work
is to develop a high-fidelity model of the diesel electric
generator adapting the engine-governor model with improved
frequency response during the arresting and rebound period
that can be integrated with IBR models to study the inherent
stability issues.

FIGURE 1. Comparison of grid frequency during load change with and
without fast frequency response (FFR) [8].

Historically, diesel electric generators have provided pri-
mary frequency response (PFR) during load changes in
diesel-only microgrids. However, microgrids with diesel
electric generators and IBRs have high ROCOF and can be
improved by fast frequency response (FFR) provided by the
frequency response control system of an IBR, as shown in
Fig. 1. The FFR is defined as the contribution of electric
power from the IBRs or energy storage that rapidly responds
to the frequency changes to minimize the torque imbalance
of the synchronous generators [8], [9]. Hence FFR can sup-
plement PFR to prevent an initial rapid decline in microgrid
frequency during the arresting period and withdraw after the
frequency nadir when PFR is sufficient for restoring the fre-
quency. However, this requires a coordinated control between
the diesel governor action and the IBR controller. A high-
fidelity diesel electric generator model with accurate gover-
nor action is needed to design coordinated control systems as
remote islanded microgrids continue to integrate more IBRs.

A high-fidelity diesel electric generatormodel is developed
in this work with complete transient models of the electric
machine, exciter, engine-governor, and other limiting com-
ponents. The electric machine of a diesel electric generator
is commonly modeled using standard synchronous machine
models [10], often simulated in MATLAB R© Simulink R©

with a sixth-order state-space model, accounting for the
stator, field, and damper winding dynamics [11]. Numer-
ous studies have used this model for transient simulations
and have reported their model parameter values [12], [13],
[14], [15], [16], [17], [18], [19]. Now, numerous dynamic
simulations of diesel electric generators have implemented
simplified diesel genset models, often containing only one
or two first-order transfer functions to simulate the complete
diesel electric generator system [20], [21], [22]. These sim-
plified models neglect significant dynamics, such as stator,
field, damper winding, saturation, and diesel engine and fuel

flow dynamics. Also, the diesel electric generator considered
in [22] had a capacity of 16 kVA. Diesel electric generators
operating in remote islanded microgrids in Alaska or other
Arctic regions and island nations are on the scale of hundreds
of kVA. Their behavior is much different from the 16 kVA
diesel electric generator, so the models do not translate or
scale well for higher power capacity generators.

The diesel electric generator model developed in this work
uses a 320 kW/400 kVA synchronous machine, a DC4B
excitation system with a V/Hz limiter as presented in pre-
vious work [23], and a proposed engine-governor model
that emulates a Caterpillar C-15 (CAT C-15) diesel engine,
and an electronic governor model with unknown struc-
ture. The frequency response of the diesel electric genera-
tor using the standard simple engine-governor model [24],
Woodward DEGOV engine-governor model [25], and IEEE
GGOV1 engine-governor model [26] did not accurately emu-
late the actual diesel electric generator frequency response.
Hence, this work proposed a modified IEEE GGOV1 engine-
governor model (GGOV1D), and its performance was com-
pared with the standard engine-governor models. The IEEE
GGOV1 governor model in the literature is developed to
model gas or steam turbines, but it can be used for a diesel
electric generator with an electronic governor [26]. The IEEE
GGOV1 model engine gain value and no-load fuel flow were
calculated using the experimental data to make it compatible
with the diesel electric generator model and better emulate
the frequency response.

Several optimization algorithms are proposed in the liter-
ature to tune the parameters of the diesel electric generator
components. The whale optimization heuristic algorithm was
used in [27]; however, the authors of this work have only
tuned the parameters based on active and reactive power
response and neglected the voltage and frequency response.
The Box-Constrained Levenberg-Marquardt algorithm was
used by the authors of [22] that fits the frequency and volt-
age responses, but neglects the fitting of active and reactive
power response of the diesel electric generator. A limitation
of the Levenberg-Marquardt algorithm is that it requires a
reasonable initial estimate of the parameters, and failure to
do so affects the algorithm’s convergence to optimal values.
The authors of [22] used a genetic algorithm to generate rea-
sonable initial estimates for the Levenberg-Marquardt opti-
mization algorithm. Using two stage optimization algorithms
makes the parameter identification process computationally
intensive. A radial basis function surrogate model optimiza-
tion algorithm was used to tune the parameters of the diesel
electric generator transient models [28], [29]. The surrogate
optimization searches for the best value by evaluating its
surrogate on thousands of points and inputs the best approxi-
mation to the objective function to minimize the error. Since
the surrogate optimization evaluates thousands of points at
one time, it takes less time to evaluate and obtain the global
minimum [30]. The surrogate optimization algorithm was
used to tune the parameters of the diesel electric generator
in this work.
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The main contribution of this work is the proposed experi-
mentally validated modified IEEE GGOV1 engine-governor
model for diesel electric generator applications (GGOV1D)
that represents a diesel generator in a remote microgrid. The
GGOV1Dmodel’s performance is compared against the other
engine-governor models. The surrogate optimization algo-
rithm is used as a vehicle to identify optimal parameters of the
engine-governor models based on the active power, reactive
power, voltage, and frequency experimental responses of the
320 kW/400 kVA CAT C15 diesel electric generator. How-
ever, it is the proposed GGOV1D engine-governor model that
is the main contribution of this work.

The rest of the article is organized as follows: Section II
presents the modeling of system components of the diesel
electric generator. Section III provides a brief description
of the surrogate optimization algorithm. This is followed
by an overview of the CAT C15 diesel electric generator,
experimental setup, and data acquisition in Section IV. The
simulation results are presented in Section V, followed by the
conclusion in Section VI.

FIGURE 2. Diesel electric generator block diagram.

II. DIESEL ELECTRIC GENERATOR DYNAMIC MODEL
The block diagram of the diesel electric generator is com-
prised of a synchronous machine, excitation system, speed
governor, actuator, and internal combustion diesel engine as
shown in Fig. 2. The excitation system provides direct current
(DC) to the rotor winding in the synchronous generator. The
diesel engine spins the rotor, creating a rotatingmagnetic field

FIGURE 3. (a) Per-unit d-axis equivalent circuit of synchronous machine,
(b) Per-unit q-axis equivalent circuit of synchronous machine [31].

that induces emf in the stator winding. The speed governor
controls the fuel flow to the diesel engine by actuating the
valve, which controls the rotor’s speed.

Synchronous Machine Model The synchronous machine
model used in this work is adopted from the IEEE 1110-2019
standard [31] and the direct and quadrature axis equivalent
circuit diagram is shown in Fig. 3. The d-axis and q-axis
armature and field voltage and the flux linkage from the
equivalent diagram in Fig. 3 is given by (1)–(6), as shown
at the bottom of the page, where s is the stator quantity, l
and m are the leakage and magnetizing inductance, respec-
tively, and f and k are the field and damper winding quanti-
ties, respectively. The operational transient and sub-transient
reactance and time constants can be obtained from the
equivalent circuit presented above using the data transla-
tion approach described in the IEEE 1110-2019 standard.
However, it is recommended to use the measured quantities
instead. Hence in this work the transient and sub-transient
reactance and open circuit time constant values provided in
the diesel electric generator technical specification sheet are
used.

9d
9kd
9fd

 =
Lmd + Ll Lmd Lmd

Lmd Llkd + Lf 1d + Lmd Lf 1d + Lmd
Lmd Lf 1d + Lmd Llfd + Lf 1d + Lmd

−idikd
ifd

 (1)

 9q
9kq1
9kq2

 =
Lmq + Ll Lmq Lmq

Lmq Lmq + Lkq1 Lmq
Lmd Lf 1d + Lmd Llfd + Lf 1d + Lmd

−iqikq1
ikq2
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Vd = −idRs − ω9q +
d9d

dt
(3)

Vq = −iqRs − ω9d +
d9q

dt
(4)

V0 = −i0R0 +
d90

dt
(5)

Vfd =
d9fd

dt
+ Rfd ifd (6)
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FIGURE 4. DC4B exciter block diagram as implemented in [32].

A. EXCITATION SYSTEM MODEL
The excitation system for the diesel electric generator is the
system that provides the field current to the rotor winding.
The DC4B exciter model [32], as illustrated in Fig. 4, emu-
lates the excitation system presented in the datasheet for
the CAT C15 diesel electric generator used in this work.
The DC4B excitation system utilizes a field-controlled DC
commutator exciter with a continuously acting voltage reg-
ulator that obtains input from the generator terminals. The
DC4B excitation system also has the following parameter
restrictions [33]: 1) The stabilization feedback time constant
Tf can only be set to zero if the feedback gain Kf equals zero.
2) The stabilization feedback loop is included in the model
only if the PID controller’s derivative action is not used. 3)
Efd1 > Efd2 and SeEfd1 > SeEfd2 where Efd1 and Efd2 are
the exciter voltages at which the exciter saturation is defined,
and SeEfd1 and SeEfd2 are the exciter saturation function
values. The variations in the input voltage are compensated
by the system loop gain kg, along with the PID controller.
With fixed PID gain values, the loop gain Kg determines
the position of the poles of the generator-exciter-controller
closed loop system as explained in [34]. The location of the
system poles and zeros determine the performance of the
excitation control system. Based on the responses presented
in [34] for different values of Kg, it is an extremely sensitive
parameter that impacts the overall response of the diesel
electric generator. For this work a range for Kg between 0 and
1 is chosen for tuning and optimization.

FIGURE 5. V/Hz limiter.

In this work, a V/Hz limiter is added to the standard DC4B
exciter model to prevent over-fluxing due to over-voltage or
under-frequency conditions that could damage the machine.
The implementation of the V/Hz limiter is shown in Fig. 5 and
is based on a hydroelectric generator V/Hz limiter implemen-
tation [35]. The V/Hz limiter takes the terminal voltage and
the measured frequency ratio and compares it to a setpoint
ratio. If the error between the voltage and frequency ratio and
the setpoint is positive, then the integrator acts to produce

a negative signal that reduces the voltage setpoint sent to
the exciter until the V/Hz ratio is below the setpoint. The
integrator is reset as soon as the error becomes negative, and
the limiting signal sent to the exciter is zero.

B. ENGINE-GOVERNOR MODELS
The purpose of the governor in a diesel electric generator
is to control its speed by controlling the flow of fuel to the
engine cylinders. Governors can be categorized into mechan-
ical governors, electronic governors, and electronic injection
governors. This work considers an electronic governor con-
sisting of three parts: the sensing element, the controller, and
the actuator.

However, the parameters and the model structure of
the governor are unknown. Hence, four engine-governor
dynamic models are used in this work to evaluate
which model provides the most accurate response. Those
engine-governor models are as follows: 1) Simple engine-
governor model, 2) Woodward DEGOV engine-governor
model, 3) IEEE GGOV1 turbine/engine-governor model,
and 4) GGOV1D engine-governor model. The DEGOV
engine-governor model is the traditional diesel governor
model commonly used in transient modeling of diesel electric
generators [25].

1) SIMPLE ENGINE-GOVERNOR MODEL
The simple engine-governor model introduced in this paper is
a coalescence of a diesel engine model, speed regulator, and
an actuator and is adopted from [24]. The mechanical power
output Pm of the diesel engine is given by

Pm = C2ω(pi − pf ) (7)

pi = C1m′bε (8)

pf = C3ω (9)

where C1, C2, and C3 are the proportionality constants, pi
is the effective pressure of the diesel engine, pf is the mean
pressure of the mechanical losses,m′b is the fuel consumption
rate (lit/hr), ω is the speed of the rotor (rad/s), and ε is the
combustion efficiency of the diesel engine. The speed of the
rotor is controlled by the diesel engine and is dependent on
the fuel intake. The differential equation defining the rate
of change of fuel consumption and the speed regulation in
isochronous mode of the diesel electric generator is given by

dmb
dt
=

1
tact

(
− K1

∫
(
KI
ωref

1ω)−
K1KP
ωref

1ω − mb

)
(10)

m′b(t) = mb(t − τd ) (11)

where K1 is the actuator gain, KP and KI are the proportional
and integral controller gains, 1ω is the speed error, and τd
is the engine delay. The block diagram of the implemented
simple engine-governormodel based on eq. (7), (10), and (11)
is shown in Fig. 6.
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FIGURE 6. Simple engine-governor block diagram for diesel electric
generator operation in isochronous mode.

FIGURE 7. Woodward diesel engine-governor DEGOV block diagram.

2) DEGOV ENGINE-GOVERNOR MODEL
The Woodward diesel engine-governor DEGOV model [25]
is the same as presented in [36] and [26] and illustrated
in Fig. 7. The variables T1,T2,T3,T4,T5, and T6 are the
actuator time constants. TD is the engine delay andω andωref
are the rotor and reference speed.

3) IEEE GGOV1 MODEL
The IEEE GGOV1 is commonly used to model the
turbine-governor dynamics of gas turbines in large electric
grids [37]. However, the model is also suitable for diesel
electric generators with modern electronic or digital gov-
ernors [26]. The GGOV1 model has the following compo-
nents: 1) Turbine dynamics that represent the turbine/engine
model, fuel flow, and valve position limits, 2) Speed control,
3) Temperature control, 4) Acceleration control, and 5) Load
control. All of these control modes compete for the overall
control of the system by regulating the main fuel valve via
a ‘‘low value select block.’’ The model also can operate in
isochronous or droop control mode via a ‘‘Rselect’’ block.
Along with different control modes, the IEEE GGOV1model
has the following advantages as compared to the other engine-
governor models: valve position limits and calculation and
fuel flow dynamics.

The CATC-15 diesel electric generator’s electronic control
module (ECM) inputs the coolant temperature and intake
manifold temperature to adjust the fuel rate for combustion
and reduce the exhaust smoke. However, it does not impact
the output of the generator. Hence, the temperature control
loop is not considered in this work. The acceleration control
mode is mainly used during the startup, which rarely func-
tions during the regular grid operation and is also eliminated.
The diesel electric generator tested in this work is stand-
alone, operates in an isochronous mode, and therefore does
not have a load control mode. The IEEE GGOV1 model with
a speed control loop that is compatible with diesel electric
generators is shown in Fig. 8 where, ωfnl is no load fuel flow,
and Tb and Tc are turbine/engine lag and lead time, respec-
tively. The actuator transfer function in the IEEE GGOV1
model, as shown in Fig. 8 is a first-order model with no

FIGURE 8. Modified IEEE GGOV1 block diagram.

zeros and only one pole. The actuator model in the DEGOV
engine-governor model is third-order with one pole at the
origin, two dominant poles, and one zero. In this work, the
IEEE GGOV1model is further modified to have a third-order
actuator transfer function.

4) GGOV1D MODEL
The block diagram of the proposed GGOV1D model that has
a third-order actuator transfer function is shown in Fig. 9. The
two additional dominant poles in the model would increase
the system’s rise time, making the response sluggish. At the
same time, the addition of the zero increases the overshoot
and reduces the rise time and response time. Thus the addi-
tional zero and poles give us an extra degree-of-freedom to
tune the governor model to obtain the desired response. Also,
the response will be more stable if the zero is tuned to be
closer to the dominant poles. The response of the proposed
GGOV1D model and the standard IEEE GGOV1 model for
the diesel electric generator is presented in the next section.

The parameter Kturb is the turbine/engine gain which rep-
resents the mechanical model of the diesel engine and can
be estimated from the plot of fuel flow versus power out-
put. In this work, Kturb is tabulated from the diesel fuel
flow (liter/hour) versus diesel electric generator power output
(kW) shown in Fig. 10. Considering the fitted curve in Fig. 10
as a linear approximation of the relationship between the fuel
flow and power output of the diesel electric generator, the
tabulated value ofKturb is 0.362 and the no-load fuel flowωfnl
is 0.12 pu. The base value to calculate no-load fuel flow in pu
is the maximum fuel flow rate of the diesel electric generator.

FIGURE 9. GGOV1D model with 3rd order actuator.

III. SURROGATE OPTIMIZATION ALGORITHM
The general form of the optimization algorithm to estimate
the parameters of a diesel electric generator is represented as
follows:

minG(8p

s.t. 8p ∈ [8L
p ,8

U
p ] (12)
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FIGURE 10. Fuel flow versus power output of CAT C15 diesel electric
generator.

where 8p are the set of parameters to be estimated, and 8L
p

and 8U
p are the lower and upper bounds of the diesel electric

generator parameters 8p, respectively. The parameters 8p
can be estimated by minimizing the error between the mea-
sured and the simulated responses of P,Q, V , and f tabulated
in the previous section. The objective function that minimizes
the error to estimate the parameters 8p when the analytical
expression is unknown is represented as follows:

G(X , x) = wp × PnRMSE + wq × QnRMSE
+wv × VnRMSE + wf × fnRMSE (13)

where wp, wq, wv, and wf are the weights, and X = [Pmeas,
Qmeas, Vmeas, fmeas] are the active power, reactive power,
voltage, and frequency, respectively, measured from the CAT
C-15 diesel electric generator during a load change. x =
[Psim, Qsim, Vsim, fsim] is the diesel electric generator sim-
ulation response during a load change. PnRMSE , QnRMSE ,
VnRMSE , and fnRMSE are the normalized root mean square
errors tabulated as follows:

PnRMSE =
1
p̄

√√√√ 1
N

N∑
i=1

(Pi,meas − Pi,sim)2 (14)

where p̄ is the normalization factor. Similarly, nRMSE is
tabulated for Q, V , and f .
Now, n distinct random points81

p,8
2
p, . . . , 8

n
p are created

within the bounds with the function values G1,G2, . . . ,Gn

obtained to solve the problem defined in (15) using surrogate
optimization. A surrogate of the objective function is then
created by interpolating a radial basis function (RBF) as:

s(8p) =
n∑
i=1

λi ∗ B(||8p −8
i
p||)+ α(x) (15)

through the points (81
p,G1), (82

p,G2), . . ., (8n
p,Gn). The

variable λi is the weight and the norm ||.|| is the Euclidean
norm in R. α is from5m, the space of polynomials of degree
less than or equal to m [38]. The B used in this work is

cubic, i.e.,

B(r) = r3 (16)

where r can be any variable. Once the surrogate value is
obtained at n random points, the minimum of the objective
function is found by evaluating the following equation at
point i:

F (8i
p) = w ∗ S(8i

p)+ (1− w) ∗ D(8i
p) (17)

where w ∈ (0, 1) is the weight, S(8i
p) is the scaled surrogate,

and D(8i
p) is the scaled distance. The scaled surrogate is

defined by

S(8i
p) =

s(8i
p)− smin

smax − smin
(18)

where smin is the minimum surrogate value among the n
random points, and smax is the maximum value. The scaled
distance is defined by,

D(8i
p) =

dmax − d(8i
p)

dmax − dmin
(19)

where d(8i
p) is the distance from the sample point i to the

evaluated points k . The variables dmin and dmax are the mini-
mum and the maximum distance, respectively. The best point
is chosen as a candidate, measured by F(8i

p) in eq. (15). The
objective function is tabulated for the best point [39]. The sur-
rogate is updated using this value and searched again. The
algorithm steps are presented in Algorithm 1.

Algorithm 1 Surrogate optimization
Start

1. m independent points 81
p, 8

1
p, . . ., 8

m
p are created with

the bounds provided by the user.
2. Maximum number of iterations← K
3. For 1 < k < K do
4. Run the simulation model and compare it with

the measured data to obtain the function values
G1,G2, . . . ,Gn

5. Tabulate the RBF interpolator s defined in eq. (15)
for the n points (81

p,G1), (82
p,G2), . . ., (8n

p,Gn)
6. Obtain the best point tabulated by eq. (17), (18), and

(19)
7. Evaluate the objective function defined in eq. (12) for

the best point obtained in Step 6
8. Update the surrogate with the value tabulated in Step

7
9. End
10. Return the best value for parameter set 8p.

IV. EXPERIMENTAL SET-UP AND DATA ACQUISITION
This section provides a brief description about the Alaska
Center for Energy and Power Energy Technology Facility
(ETF) setup, components used for the experimental validation
of this work, and data acquisition.
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A. DIESEL ELECTRIC GENERATOR EXPERIMENTAL SETUP
The Alaska Center for Energy and Power ETF is a 480 VAC
single busmicrogrid that integrates a diesel electric generator,
PV emulator, wind turbine emulator, battery energy storage,
and two load banks. The components used in this work are
the diesel electric generator and two load banks. The diesel
electric generator is a CAT C-15 with a nameplate capacity
of 400 kVA. The diesel electric generator is controlled using
a Woodward EasyGen 3200 controller. The load banks are
313 kVA resistive/inductive load banks that can be controlled
in 5 kW/3.75 kVAR load steps.

In this work, load step changes were introduced in the
system using the load banks and the diesel electric generator
response was recorded. Initially, the load banks were set to
80 kW and 0 kVAR. The load was then increased to 240 kW
and 160 kVAR. The diesel electric generatormodel developed
in this work was simulated in the MATLAB R©/Simulink R©

environment, with the same load step change of 80 kW and
0 kVAR to 240 kW and 160 kVAR. The simulation results
were then compared to the experimental test data. The CAT
C-15 test data acquisition is explained in the following sub-
section.

B. CAT C15 DIESEL ELECTRIC GENERATOR DATA
ACQUISITION
The CAT C15 diesel electric generator data was collected
at the ETF using a Yokogawa DL850 oscilloscope with a
50 kHz sampling rate. All three phases of instantaneous volt-
age (Van, Vbn, Vcn) and line currents (Ia, Ib, Ic) were collected.
The root mean square (RMS) voltage (V ), real power (P),
and reactive power (Q) were calculated using the measured
instantaneous voltage and current data. The P and Q values
were calculated using eq. (20) and (21), where V1 and I1 are
the positive-sequence component of the measured instanta-
neous voltage and current, respectively. The frequency (f )
was calculated from the instantaneous voltage using a 3-phase
phase-locked loop (PLL).

P = 3×
|V1|
√
2
×
|I1|
√
2
× cos (φ) (20)

Q = 3×
|V1|
√
2
×
|I1|
√
2
× sin (φ) (21)

V. SIMULATION RESULTS AND DISCUSSION
The parameters for the diesel electric generator model devel-
oped in this work were estimated using the surrogate opti-
mization. The surrogate optimization was simulated using
MATLAB R© Global Optimization Toolbox [30] for 500 iter-
ations with all the error weights wp, wq, wv, and wf equal
to 1. The optimization algorithm was also simulated with
other error weights, but all weights equal to 1 resulted in the
best results for all the responses, and due to brevity, only the
results for all error weights equal to 1 are presented in this
work. The objective of surrogate optimization was to mini-
mize the cumulative nRMSE of the diesel electric generator’s
P, Q, V , and f response during the load change, defined in

FIGURE 11. Error values for diesel electric generator model during load
change.

FIGURE 12. Comparison of diesel electric generator nRMSE values for
different engine-governor models.

eq. (21). The cumulative nRMSE values of the P, Q, V , and
f response of the diesel electric generator model with the
four different engine-governor models is shown in Figs. 11
and 12. Due to the initial nRMSE errors being very large, the
nRMSE values in Fig. 11 are shown from iteration 100 to
500 as opposed to 0 to 500. The nRMSE results show that
the proposed GGOV1D engine-governor model outperforms
other models.

The diesel electric generator model parameters estimated
using the surrogate optimization are shown in TABLE 1.
Initially, the parameters were estimated for the diesel elec-
tric generator with a simple engine-governor model. The
machine and DC4B excitation system parameters were not
optimized while estimating the parameters for other engine-
governor models. The parameter ranges used to optimize the
machine and DC4B excitation systems were obtained from
the literature [32], [40], [41]. The parameter range for the
simple engine-governor model was determined based on the
parameter values presented in [24] and [42]. The parameter
range for the DEGOV engine-governor model is selected
from [26] and for IEEE GGOV1 from [43]. The parameter
range for GGOV1Dmodel is based on the DEGOV and IEEE
GGOV1 engine-governor models.

The active and reactive power, voltage, and frequency
responses of the diesel electric generator model simulated
using the estimated parameters shown in TABLE 1 as com-
pared to the experimental results from the CAT C15 diesel
electric generator are shown in Fig. 13. From the results in
Figs. 13(i) and 13(ii), theP andQ responses of the diesel elec-
tric generator with GGOV1 and GGOV1D engine-governor
model are a better fit to the laboratory results as compared to
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TABLE 1. Diesel electric generator parameter values.

FIGURE 13. (i) Active power response of diesel electric generator during
load change, (ii) Reactive power response of diesel electric generator
during load change, (iii) Voltage response of diesel electric generator
during load change, and (iv) Frequency response of diesel electric
generator during load change.

the diesel electric generator model with DEGOV and simple
engine-governor models. The initial overshoot in the P and
Q response during the load change using the GGOV1 and
GGOV1D engine-governor model closely emulates the lab
data as compared to the response using the DEGOV and sim-
ple engine-governor model. The initial voltage drop during
the load change is approximately similar to the laboratory
results for all the models and can be observed in Fig. 13(iii).
The voltage is a RMS voltage measured using a variable
frequency RMS block developed in Simulink R©. The results
presented in Fig. 13(iv) depict that the frequency nadir of the
diesel electric generator with the GGOV1D engine-governor
model more closely matches the laboratory results as com-
pared to the response using other engine-governor models.
Also, the simple and IEEE GGOV1 engine-governor models
have a first order actuator and hence do not capture frequency
transients in the rebound period. It can also be observed from
Fig. 13(iv) that GGOV1D outperforms other engine-governor
models in capturing frequency transients after the load change
in the arresting and rebound periods. The frequency mea-
surements were obtained using the 3-phase PLL block in
Simulink R©.
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FIGURE 14. Comparison of diesel electric generator frequency response
nRMSE and MAPE during the arresting and rebound period for different
engine-governor models.

The results in Fig. 12 show that the overall reduction in
the nRMSE of diesel electric generator response during the
load change with the GGOV1D engine-governor is approx-
imately 27.5%, 17.35%, and 8.67% as compared to sim-
ple, DEGOV, and IEEE GGOV1 engine-governor models,
respectively. This reduction in the nRMSE of the response is
calculated across the entire 4 second response from the load
change to the system reaching a steady state. The nRMSE
andmean absolute percentage error (MAPE) of the frequency
response during the arresting and rebound periods is shown
in Fig. 14. The results in Fig. 14 show that the diesel elec-
tric generator model with a MAPE of the GGOV1D fre-
quency response during the arresting and rebound periods
is decreased by 37.67%, 10%, and 30.33% as compared to
simple, DEGOV, and IEEEGGOV1 engine-governormodels,
respectively. This improvement in the frequency response
during the arresting and rebound periods using GGOV1D is
important while designing the control system that can coor-
dinate with the FFR of an inverter-based resource controller
and provide frequency support to restore system frequency.

VI. CONCLUSION
A high-fidelity diesel electric generator model was developed
and tested in this work with four different engine-governor
models to emulate an actual diesel electric generator response
to load change. The exciter, V/Hz limiter, machine, and
engine-governor parameters were tuned based on the tech-
nical specifications of the CAT C-15 diesel electric genera-
tor. The results are presented for the load step change from
80 kW and 0 kVAR to 240 kW and 160 kVAR. The results
showed that the active power, reactive power, and voltage
response error of the diesel electric generator with GGOV1D
engine-governor model is reduced compared to the diesel
electric generator with other engine-governor models. Hence
it is concluded that the proposed GGOV1D engine-governor
model outperforms other models. It is also concluded from
the results that there is a significant improvement in the
frequency response of the diesel electric generator after the
load change during the arresting and rebound periods using
the proposed GGOV1D model.

In the future, this high fidelity model for diesel electric
generators will be used to develop control systems to provide
frequency support in hybrid microgrids employing diesel
electric generators and IBR since coordination of PFR and

FFR is vital as penetration of IBR increases in diesel electric
generator based microgrids.

REFERENCES
[1] G. P. Holdmann, R. W. Wies, and J. B. Vandermeer, ‘‘Renewable energy

integration in Alaska’s remote islanded microgrids: Economic drivers,
technical strategies, technological niche development, and policy impli-
cations,’’ Proc. IEEE, vol. 107, no. 9, pp. 1820–1837, Sep. 2019.

[2] U. Markovic, O. Stanojev, P. Aristidou, E. Vrettos, D. Callaway, and
G. Hug, ‘‘Understanding small-signal stability of low-inertia systems,’’
IEEE Trans. Power Syst., vol. 36, no. 5, pp. 3997–4017, Sep. 2021, doi:
10.1109/TPWRS.2021.3061434.

[3] U. Tamrakar, D. Shrestha, M. Maharjan, B. Bhattarai, T. Hansen,
and R. Tonkoski, ‘‘Virtual inertia: Current trends and future direc-
tions,’’ Appl. Sci., vol. 7, no. 7, p. 654, Jun. 2017. [Online]. Available:
https://www.mdpi.com/2076-3417/7/7/654

[4] H. Holttinen, J. Kiviluoma, D. Flynn, J. C. Smith, A. Orths, P. B. Eriksen,
N. Cutululis, L. Soder, M. Korpas, A. Estanqueiro, J. MacDowell,
A. Tuohy, T. K. Vrana, and M. OaMalley, ‘‘System impact studies for
near 100% renewable energy systems dominated by inverter based variable
generation,’’ IEEE Trans. Power Syst., vol. 37, no. 4, pp. 3249–3258,
Jul. 2020.

[5] Power System Dynamic Performance Committee. (Apr. 2020). Stability
Definitions and Characterization of Dynamic Behavior in Systems With
High Penetration of Power Electronic Interfaced Technologies. [Online].
Available: https://resourcecenter.ieee-pes.org/publications/technical-
reports/PES_TP_TR77_PSDP_ stability_051320.html

[6] M. Farrokhabadi, C. A. Cañizares, J. W. Simpson-Porco, E. Nasr, L. Fan,
P. A. Mendoza-Araya, R. Tonkoski, U. Tamrakar, N. Hatziargyriou,
D. Lagos, and R. W. Wies, ‘‘Microgrid stability definitions, analysis, and
examples,’’ IEEE Trans. Power Syst., vol. 35, no. 1, pp. 13–29, Jan. 2020.

[7] G. San, W. Zhang, X. Guo, C. Hua, H. Xin, and F. Blaabjerg, ‘‘Large-
disturbance stability for power-converter-dominated microgrid:
A review,’’ Renew. Sustain. Energy Rev., vol. 127, p. 109859,
Jul. 2020. [Online]. Available: https://www.sciencedirect.com/science/
article/pii/S1364032120301532

[8] L. Su, X. Qin, S. Zhang, Y. Zhang, Y. Jiang, and Y. Han, ‘‘Fast fre-
quency response of inverter-based resources and its impact on system
frequency characteristics,’’ Global Energy Interconnection, vol. 3, no. 5,
pp. 475–485, Oct. 2020. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S2096511720301146

[9] J. Matevosyan, P. Dattaray, and D. Chakravorty. Impacts of High Share
of Inverter-Based Resources on System Inertia and Frequency Control.
Accessed: Jul. 2021. [Online]. Available: https://iclesunc.memberclicks.
net/assets/Oct14_AcademyWebinar/CIGRE_ USNC_Webinar_Inertia.pdf

[10] P. Kundur, Power System Stability and Control. Palo Alto, CA, USA:
Electric Power Research Institute, 1994.

[11] Mathworks. (2020). Synchronous Machine. [Online]. Available:
https://www.mathworks.com/help/physmod/sps/powersys/ref/
synchronousmachine.html

[12] H. Nikkhajoei and R. H. Lasseter, ‘‘Distributed generation interface
to the CERTS microgrid,’’ IEEE Trans. Power Del., vol. 24, no. 3,
pp. 1598–1608, Jul. 2009.

[13] K. E. Yeager and J. R. Willis, ‘‘Modeling of emergency diesel generators
in an 800 megawatt nuclear power plant,’’ IEEE Trans. Energy Convers.,
vol. 8, no. 3, pp. 433–441, Sep. 1993.

[14] A. AbuHussein, N. Ingalls, M. A. H. Sadi, and M. Abuagreb, ‘‘Transient
stability microgrid model for Arctic community integration,’’ in Proc.
IEEE/PES Transmiss. Distrib. Conf. Expo. (T D), Oct. 2020, pp. 1–5.

[15] O. Sakamoto, ‘‘An example of a diesel generator model with fluc-
tuating engine torque for transient analysis using XTAP,’’ J. Int.
Council Electr. Eng., vol. 6, no. 1, pp. 31–35, Jan. 2016, doi:
10.1080/22348972.2016.1139775.

[16] W. B. Gish, ‘‘Small induction generator and synchronous generator con-
stants for DSG isolation studies,’’ IEEETrans. PowerDel., vol. PD-1, no. 2,
pp. 231–239, Apr. 1986.

[17] M. Mirosevic, Z. Maljkovic, and D. Pavlinović, ‘‘The dynamics of diesel-
generator unit in isolated electrical network,’’ Int. J. Renew. Energy Res.,
vol. 1, pp. 126–133, 2011.

[18] S. Eberlein, A. Heider, and K. Rudion, ‘‘Modelling and control optimiza-
tion of diesel synchronous generators in LV microgrids,’’ in Proc. IEEE
PES Innov. Smart Grid Technol. Conf. Eur. (ISGT-Europe), Oct. 2018,
pp. 1–6.

VOLUME 10, 2022 110545

http://dx.doi.org/10.1109/TPWRS.2021.3061434
http://dx.doi.org/10.1080/22348972.2016.1139775


C. Shah et al.: High-Fidelity Model of Stand-Alone Diesel Electric Generator

[19] P. P. Leza, ‘‘Transient study in diesel synchronous generator,’’
Ph.D. dissertation, Dept. Elect. Eng., Electron., Comput. Syst.,
Universidad De Oviedo, Oviedo, Spain, 2017.

[20] S. A. Papathanassiou and M. P. Papadopoulos, ‘‘Dynamic characteristics
of autonomous wind–diesel systems,’’ Renew. Energy, vol. 23, no. 2,
pp. 293–311, Jun. 2001. [Online]. Available: https://www.sciencedirect.
com/science/article/pii/S0960148100001804

[21] M. Datta, T. Senjyu, A. Yona, T. Funabashi, and C.-H. Kim, ‘‘A frequency-
control approach by photovoltaic generator in a PV–diesel hybrid power
system,’’ IEEE Trans. Energy Convers., vol. 26, no. 2, pp. 559–571,
Jun. 2011.

[22] Q. Long, H. Yu, F. Xie, N. Lu, and D. Lubkeman, ‘‘Diesel generator model
parameterization for microgrid simulation using hybrid box-constrained
Levenberg–Marquardt algorithm,’’ IEEE Trans. Smart Grid, vol. 12, no. 2,
pp. 943–952, Mar. 2021.

[23] C. Shah, P. Cicilio, M. Shirazi, D. Light, D. Broderson, R. Wies,
M. Rauniyar, R. Tonkoski, and T. M. Hansen, ‘‘Model development of
diesel generator using volts/hertz limiter and comparing governor models
for remote islanded microgrids,’’ in Proc. 47th Annu. Conf. IEEE Ind.
Electron. Soc. (IECON), Oct. 2021, pp. 1–6.

[24] G. S. Stavrakakis and G. N. Kariniotakis, ‘‘A general simulation algo-
rithm for the accurate assessment of isolated diesel-wind turbines systems
interaction. I. A general multimachine power system model,’’ IEEE Trans.
Energy Convers., vol. 10, no. 3, pp. 577–583, Sep. 1995.

[25] PowerWorld Corporation. (2020). Governor DEGOV. [Online]. Avail-
able: https://www.powerworld.com/WebHelp/Content/ TransientModels_
HTML/Governor%20DEGOV.htm

[26] NEPLAN. Turbine-Governor Models: Standard Dynamic Turbine-
Governor Systems in Neplan Power System Analysis Tool. Accessed:
Jul. 2021. [Online]. Available: https://www.neplan.ch/wp-content/uploads/
2015/08/Nep_TURBINES_GOV.pdf

[27] C.-M. Huang, Y.-C. Huang, S.-J. Chen, and S.-P. Yang, ‘‘A hierarchical
optimization method for parameter estimation of diesel generators,’’ IEEE
Access, vol. 8, pp. 176467–176479, 2020.

[28] S. R. Khazeiynasab and J. Qi, ‘‘PMU measurement based generator
parameter calibration by black-box optimization with a stochastic radial
basis function surrogate model,’’ in Proc. 52nd North Amer. Power Symp.
(NAPS), Apr. 2021, pp. 1–6.

[29] (2021). Surrogate Optimization Algorithm. [Online]. Available:
https://www.mathworks.com/help/gads/surrogate-optimization-
algorithm.html

[30] Surrogate Optimization Algorithm. Accessed: Jul. 2021. [Online]. Avail-
able: https://www.mathworks.com/help/gads/surrogate-optimization-
algorithm.html

[31] IEEE Guide for Synchronous Generator Modeling Practices and Param-
eter Verification With Applications in Power System Stability Analyses,
IEEE Standard 1110–2019, (Revision IEEE Standard 1110–2002), 2020,
pp. 1–92.

[32] PowerWorld Corporation. (2020). Exciter DC4B and ESDC4B.
[Online]. Available: https://www.powerworld.com/WebHelp/Content/
TransientModels_HTML/ Exciter%20DC4B%20and%20ESDC4B.htm

[33] PhasetoPhase. Synchronous Machine Excitation System Vision
Dynamical Analysis. [Online]. Available: https://www.phasetophase.nl/
pdf/SynchronousMachineExcitationSystems.pdf

[34] K. Kim and R. C. Schaefer, ‘‘Tuning a PID controller for a digital excitation
control system,’’ IEEE Trans. Ind. Appl., vol. 41, no. 2, pp. 485–492,
Mar. 2005.

[35] D. K. Maina, M. J. Sanjari, and N.-K.-C. Nair, ‘‘Voltage and frequency
response of small hydro power plant in grid connected and islandedmode,’’
in Proc. Australas. Universities Power Eng. Conf. (AUPEC), Nov. 2018,
pp. 1–7.

[36] Woodward Diesel Governor Model. Accessed: Jul. 2021. [Online]. Avail-
able: https://www.powerworld.com/WebHelp/Content/TransientModels_
HTML/ Governor%20DEGOV.htm

[37] Task force on turbine-governor modeling, ‘‘Dynamic models for turbine-
governors in power system studies,’’ IEEE, Piscataway, NJ, USA,
IEEE Tech. Rep. PES-TR1, Jan. 2013.

[38] H.-M. Gutmann, ‘‘A radial basis function method for global optimization,’’
J. Global Optim., vol. 19, no. 3, pp. 201–227, 2001.

[39] Y. Wang and C. A. Shoemaker, ‘‘A general stochastic algorithmic frame-
work for minimizing expensive black box objective functions based on
surrogate models and sensitivity analysis,’’ 2014, arXiv:1410.6271.

[40] B. Idlbi, ‘‘Dynamic simulation of a PV-diesel-battery hybrid plant for off
grid electricity supply,’’ Ph.D. dissertation, Dept. Elect. Eng. Comput. Sci.,
Univ. Kassel, Kassel, Germany, 2012.

[41] N. T. Janssen, R. A. Peterson, and R. W. Wies, ‘‘Development of a
full-scale-lab-validated dynamic Simulink˙ model for a stand-alone wind-
powered microgrid,’’ in ASME Power Conference, vol. 2. Jul. 2014, doi:
10.1115/POWER2014-32035.

[42] G. N. Kariniotakis and G. S. Stavrakakis, ‘‘A general simulation algo-
rithm for the accurate assessment of isolated diesel-wind turbines systems
interaction. Part II: Implementation of the algorithm and case-studies
with induction generators,’’ IEEE Trans. Energy Convers., vol. 10, no. 3,
pp. 584–590, Sep. 1995.

[43] NERC. Modeling Notification Gas Turbine Governor Modeling.
Accessed: Jul. 2021. [Online]. Available: https://www.nerc.com/comm/
PC/NERCModelingNotifications/ Gas_Turbine_Governor_Modeling.pdf

CHINMAY SHAH (Member, IEEE) received the
B.Tech. degree in instrumentation and control
engineering fromNirmaUniversity, India, in 2012,
and the M.S. degree in electrical engineering from
the University of Houston, TX, USA, in 2017.
Currently, he is pursuing the Ph.D. degree in elec-
trical engineering with the University of Alaska
Fairbanks.

He was an Instrumentation and Control Engi-
neer at Dodsal Engineering and Construction,

Dubai, UAE, from 2012 to 2014. He was a Research Intern at the National
Renewable Energy Laboratory, in Summer 2019. Currently, he is a Research
Assistant with the Alaska Center for Energy and Power (ACEP). His research
interests include modeling and control of power electronic converter-based
DERs, distributed optimization, distributed controls for the power grid, and
power system resiliency and reliability.

RICHARD W. WIES (Senior Member, IEEE)
received the B.S., M.S., and Ph.D. degrees in
electrical engineering from the University of
Wyoming, Laramie, WY, USA, in 1992, 1995, and
1999, respectively.

Since 1999, he has been at the University
of Alaska, Fairbanks, AK, USA, where he is
currently a Professor with the Electrical and
Computer Engineering Department, with a con-
centration in electric power systems. He leads

research focused on the engineering challenges of renewable energy integra-
tion in remote islanded microgrids in collaboration with the Alaska Center
for Energy and Power.

Dr. Wies is a Licensed Professional Engineer in the State of Alaska.

TIMOTHY M. HANSEN (Senior Member, IEEE)
received the B.S. degree in computer engineering
from the Milwaukee School of Engineering, Mil-
waukee, WI, USA, in 2011, and the Ph.D. degree
in electrical engineering from Colorado State Uni-
versity, Fort Collins, CO, USA, in 2015.

He is currently an Associate Professor with
the Electrical Engineering and Computer Sci-
ence Department, South Dakota State Univer-
sity, Brookings, SD, USA. His research interests

include optimization, high-performance computing, and electricity market
applications to sustainable power and energy systems, low-inertia power
systems, smart cities, and cyber-physical-social systems.

Dr. Hansen is also anActiveMember in ACMSIGHPC. Hewas a recipient
of the 2019 IEEE-HKNC. HolmesMacDonald Outstanding Teaching Award
and was a inaugural recipient of the Milwaukee School of Engineering
Graduate of the Last Decade Award in 2020. He has been the IEEE Siouxland
Section Chair, since 2019, and the Research Subcommittee Secretary with
the IEEE PES Power Engineering Education Committee.

110546 VOLUME 10, 2022

http://dx.doi.org/10.1115/POWER2014-32035


C. Shah et al.: High-Fidelity Model of Stand-Alone Diesel Electric Generator

REINALDO TONKOSKI (Senior Member, IEEE)
received the B.A.Sc. degree in control and automa-
tion engineering and the M.Sc. degree in electrical
engineering from Pontifícia Universidade Católica
do RS (PUC-RS), Brazil, in 2004 and 2006,
respectively, and the Ph.D. degree from Concordia
University, Canada, in 2011.

He was at CanmetENERGY, Natural Resources
Canada, from 2009 to 2010, and a Visit-
ing Professor at Sandia National Laboratories,

from 2019 to 2020, where he worked on projects related to the grid
integration of renewable energy sources and energy storage systems. He is
the Robert N. Haskell Power Engineering Professor with the University of
Maine. He has authored over 100 technical publications in peer-reviewed
journals and conferences. His research interests include grid integration of
sustainable energy technologies, energy management, power electronics,
and control systems. He is currently an Editor of IEEE TRANSACTIONS ON

SUSTAINABLE ENERGY, IEEE ACCESS, and IEEE SYSTEMS JOURNAL.

MARIKO SHIRAZI (Member, IEEE) received the
B.S. degree in mechanical engineering from the
University of Alaska, Fairbanks (UAF), in 1996,
and the M.S. and Ph.D. degrees in electrical engi-
neering from the University of Colorado, Boulder,
in 2007 and 2009, respectively.

She was an Engineer at the National Renew-
able Energy Laboratory for 15 years, working on
early efforts to integrate wind into village power
systems, and later on power electronics design for

microgrid applications. She is currently the President’s Professor of energy
with the University of Alaska, where she is interested in bridging power
electronics and power systems research to understand the performance of
converter-dominated microgrids.

PHYLICIA CICILIO (Member, IEEE) received the
B.S. degree in chemical engineering from the Uni-
versity of New Hampshire, Durham, NH, USA,
in 2013, and the M.S. and Ph.D. degrees in elec-
trical and computer engineering fromOregon State
University, Corvallis, OR, USA, in 2017 and 2020,
respectively.

She is a Research Assistant Professor with the
Alaska Center for Energy and Power, University of
Alaska, Fairbanks. Her research interests include

power system reliability and dynamic power system modeling particularly
of loads, inverter-based resources, and distributed energy resources.

VOLUME 10, 2022 110547


