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Abstract: The current trend in dynamic positioning vessels involves using closed-bus tie systems, which aim to be more efficient by 

using fewer generators. However, this new setup brings challenges due to the potential for a single fault to disrupt the entire power 

systems. To address these challenges, the paper presents a strategy to control diesel generators and meet strict requirements for handling 

faults. Using extensive factory test data, simulation models are developed for individual governor and exciter systems. These models 

have an error margin of about 2.1%, showing their good alignment with real-world situations. With these simulation models, a thorough 

analysis of system stability is conducted. This analysis checks if the governor and automatic voltage regulator settings, validated by 

factory tests, can restore the system to normal operation. The investigation reveals that the frequency response remains stable even 

with short-circuit faults. However, the voltage response does not meet the ship's requirements. The paper investigates the reason behind 

this voltage problem due to an excessive integral controller gain value and implements changes to rectify it by adjusting controller 

parameters. By explaining the critical aspects of the voltage issue, the paper contributes to our understanding of strengthening closed-

bus tie systems on dynamic positioning ships. The findings emphasize the importance of careful generator control to maintain a reliable 

power system, especially during faults. 
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1. Introduction 
Dynamic positioning (DP) vessels are generally used for trans-

porting offshore oil and gas. These specialized ships use dynam-

ically controlled thrusters to maintain position and heading, ena-

bling tasks like offshore wind turbine installation and oil 

transport [1]. However, losing position-keeping ability by elec-

trical blackout can have catastrophic consequences like personal 

injury, environmental pollution, or vessel damage [2]-[4]. 

To ensure reliability, DP vessels have traditionally used open 

bus ties, providing redundancy in the power system as shown in 

Figure 1(a). If one bus fails, the vessel can still operate on the 

remaining two buses [5],[6]. However, this approach requires 

more generators and can result in lower efficiency due to lighter 

load conditions. A recent trend is the closed-bus tie system during 

DP operation (see Figure 1(b)), which allows for fewer genera-

tors and higher efficiency [7],[8]. Nevertheless, this system pre-

sents challenges in terms of system protection and restoration due 

to the impact of a single fault on the entire power system [9]. 
 

 
(a) 

 
(b) 

Figure 1: Bus configurations of DP vessels: (a) operating with 

open bus ties and (b) operating with closed bus ties 
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There are three technical challenges in the closed-bus tie sys-

tems. Firstly, when a fault occurs, it is important to quickly 

separate the healthy parts from the fault, requiring intelligent pro-

tection. Secondly, the generator systems in the healthy parts need 

to restore normal system frequency and voltage [10],[11]. This is 

the primary focus on this study. Lastly, the critical devices, par-

ticularly the thruster systems, must remain connected until the 

generator systems stabilize, requiring fault-ride through capability. 

In [12] and [13], the occurrence of accidents in actual ship 

power systems is described, outlining the recovery capabilities of 

the generation system following accident removal. However, 

these systems pertain to DC ships and employ high-speed break-

ers using solid-state technologies. The investigation presented in 

[14] and [15] offers a comprehensive review of existing testing 

methodologies. It delves into the reasons behind conducting fault 

ride-through testing, explores diverse testing approaches to 

showcase fault ride-through capability in closed bus operation, 

and suggests a set of testing practices for consideration. Notably, 

it does not specifically cover aspects related to generator control. 

A study in [16] explored dynamic positioning system effects on 

vessel electrical systems, emphasizing transient interferences. 

Laboratory experiments show that the generator thruster stabi-

lizes at 50% loading but experiences instability at 60%, suggest-

ing potential improvement with capacitors. Notably, the study 

does not delve into aspects related to generator control despite 

the improvement in response characteristics achieved using ca-

pacitors. 

To address the challenge regarding to the restoration of normal 

system frequency and voltage in the healthy parts, the paper pre-

sents a strategy to control diesel generators. Using extensive fac-

tory test data, simulation models are developed for individual 

governor and exciter systems. With these simulation models, a 

thorough analysis of system stability is conducted to meet strict 

ship regulations on DP vessels. 

The structure of the paper unfolds as follows. Sections 2 and 

3 present a fault-tolerant strategy for diesel generator control, in-

troducing simulation models for governors and exciters. These 

models, validated with factory test data, demonstrate a 2.1% er-

ror margin. Section 4 conducts a transient stability study, reveal-

ing stable frequency but insufficient voltage during short-circuit 

faults. In this section, implemented changes effectively address 

the voltage issue, contributing to the improvement of closed-bus 

tie systems. The conclusion in Section 5 underscores the signifi-

cance of precise generator control for maintaining a stable power 

system, particularly in fault scenarios. 

2. Modeling of Governor Systems
The time constant of excitation systems is significantly shorter 

than that of the prime mover. Its rapid decline during transients 

does not impact the governor control. As a result, the interaction 

between the exciter and governor controls can be considered 

minimal [17]. Consequently, separate simulation models are cre-

ated for frequency and voltage controls. This section outlines the 

process of modeling the governor systems. 

2.1 UG-25+ Governor 
A governor is responsible for regulating the quantity of fuel 

injected into a mechanical engine to manage its rotational speed. 

One of the most commonly employed governors in diesel engines 

is the UG-25+ governor, produced by Woodward [18]. The trans-

fer function of this UG-25+ governor is illustrated in Figure 2 

and comprises six distinct components: speed demand, speed 

sensing (engine speed) with associated sensing dead time, a com-

parator, droop, a PID (proportional-integral-derivative) control-

ler with control dead time, and actuator dynamics. In cases where 

there exists a deviation in speed between the desired speed and 

the sensed speed, the governor adjusts the fuel flow to minimize 

this deviation. 

Figure 2: Transfer function of Woodward UG-25+ governor [18] 

Figure 3: Simulation model for the engine-governor systems 

Variations in fuel flow directly impact the mechanical power 

of the diesel engine, characterized by its time constant. Conse-

quently, the simulation model for the engine-governor systems, 
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developed within this study, encompasses engine dynamics and 

dead time, as illustrated in Figure 3. Note that the simulation 

model relies on PLECS and the specific parameters used in this 

model are not provided due to a non-disclosure agreement with 

the engine manufacturer. 

 2.2 Frequency Control Performance 

According to [19], it is crucial to maintain the frequency vari-

ation within a ±10% margin of the rated frequency during transi-

ent load conditions. In order to assess the effectiveness of fre-

quency control, engine manufacturers have undertaken a series 

of load change tests. These tests include a variety of load scenar-

ios, ranging from transitioning between 100% to 0% load, pro-

gressively adding load in thirds, and ultimately applying a full 

load. 

In cases where an imbalance exists between electric power 

consumption and mechanical power generation, this imbalance 

leads to either acceleration or deceleration of the system. The 

combined inertia constant of generator-engine systems, denoted 

as "H", serves as a pivotal factor in resisting changes in system 

frequency, which is described by the swing equation as outlined 

in [20]. 

Δω𝑝𝑝𝑝𝑝 =  1
2𝐻𝐻
�𝑃𝑃𝑚𝑚_𝑝𝑝𝑝𝑝 − 𝑃𝑃𝑒𝑒_𝑝𝑝𝑝𝑝� ∙ 𝑡𝑡    (1) 

where, Δω𝑝𝑝𝑝𝑝 is the deviation of revolutions per minute in per 

unit. 𝑃𝑃𝑚𝑚_𝑝𝑝𝑝𝑝 is the mechanical power in per unit. 𝑃𝑃𝑒𝑒_𝑝𝑝𝑝𝑝 is the elec-

tric power in per unit. And 𝑡𝑡 is the time in seconds. 

The dynamic load change, designed to simulate load change 

tests, is integrated with the engine-governor systems, as illus-

trated in Figure 4. The mechanical power generated is then sub-

tracted by the consumed electric power (depicted as the dynamic 

load change block in Fig. 4), along with frictional losses. This 

resultant imbalance is then applied to the system's inertia, result-

ing in changes in speed.  

Figure 5 presents the dynamic performance of the engine- 

governor systems. In Fig. 5, the maximum frequency variation 

reaches 64.3 Hz (107.2%) when the full load is disconnected at 

20 s. This observation suggests that the engine-governor systems 

effectively maintain system frequency within the acceptable lim-

its (±10%). Furthermore, during steady-state conditions, the fre-

quencies are actively regulated through the implementation of 

droop control, which adjusts in response to changes in the load-

ing rate. 

Figure 4: Simulation model for evaluating frequency control 

performance 

Figure 5: Dynamic performance of the engine-governor systems 

under the load change tests 

Table 1: Comparison between the simulation and actual test re-

sults for frequency control performances 

Items Test 
#1 

Test 
#2 

Test 
#3 

Test 
Aver. 

Simul- 
ation Error 

100% 
out 

Transient (Hz) 63.1 63.1 63.0 63.1 64.3 2.0% 

Steady state 
(Hz) 61.4 61.3 61.4 61.4 61.5 0.2% 

Time (s) 4.0 4.0 4.0 4.0 3.8 5.0% 

33% 
in 

Transient (Hz) 59.8 59.8 60.0 59.9 59.9 0.1% 

Steady state 
(Hz) 61.0 61.0 61.0 61.0 61.0 0.0% 

Time (s) 2.1 1.9 1.9 2.0 2.3 16.9% 

67% 
in 

Transient (Hz) 59.0 58.9 59.0 59.0 59.6 1.1% 

Steady state 
(Hz) 60.3 60.3 60.3 60.3 60.5 0.3% 

Time (s) 2.3 2.3 2.1 2.2 2.2 0.3% 

100% 
in 

Transient (Hz) 59.0 59.0 59.0 59.0 59.1 0.2% 

Steady state 
(Hz) 60.0 59.9 60.0 60.0 60.0 0.0% 

Time (s) 2.2 2.4 2.4 2.3 2.3 3.6% 

The dynamic performance of the simulation model described 

above has been compared to the load change tests conducted at 

engine testing facilities, with a summary of the results provided 

in Table 1. During the full load disconnection scenario (100% 

load out in Table 1), the maximum deviation observed is 0.8 Hz, 

corresponding to an error rate of 2.0%. Additionally, when ana-

lyzing the longest recovery time required for the system fre-

quency to stabilize, there is a minor deviation of 0.6 s under the 
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condition of a 33% load addition at 30 s in Figure 5. These per-

formance comparisons confirm that the simulation model devel-

oped in this study serves as a reasonably accurate representation 

of real-world engine-governor systems. 

3. Modeling of Excitation Systems
Excitation systems are closely linked to generator systems, 

serving as an integral component. In this study, the simulation 

model for excitation systems is merged with that of the synchro-

nous machine. The generator under examination features these 

essential specifications: capacity – 1,825 kVA, voltage rating – 

6,600 V, and operating frequency – 60 Hz. 

3.1 HDEC 2000 AVR 
Excitation systems are vital for generating electrical power as 

they create the essential magnetic field within the generator's ro-

tor. These systems comprise critical components such as the ex-

citer—a compact generator or alternator directly linked to the 

main generator shaft—and an automatic voltage regulator 

(AVR). The AVR plays a pivotal role in continuously adjusting 

the excitation current to uphold a consistent voltage level. 

Figure 6: Block diagram of AVR controller and simplified rotat-

ing exciter [21] 

Figure 7: Simulation model for the excitation systems (IEEE 

AC8B AVR combined with IEEE AC5A exciter [22]) 

In this study, the HDEC 2000 AVR produced by HD Hyundai 

Electric is employed. This AVR is based on the AC8B model and 

is specifically applied to simplified brushless excitation systems 

(the AC5A) [21], as illustrated in Figure 6. The AVR controller 

comprises a PID controller, voltage regulator gain (KG) with as-

sociated time constant (TA), and voltage regulator output limits 

(VRMIN and VRMAX). Moreover, the exciter model includes pa-

rameters such as exciter gain (KE) and time constant (TE), satu-

ration values (SEMAX and SE.75), and maximum exciter output 

voltage (EFDMAX). For a visual representation of the simulation 

model for the excitation systems developed in this study (see Fig-

ure 7). Additionally, a summary of these parameters can be found 

in Table 2. 

Table 2: Parameters of the excitation systems actually applied to 

the real-world application 

Parameters Description Values Units 

VRMAX  Max. value of the regulator output 
voltage 12.2 pu 

VRMIN  Min. value of the regulator output 
voltage 0.00 pu 

SEMAX  Saturation value of exciter at EFDMAX 7.67 pu 

SE.75 
 Saturation value of exciter at 0.75 
EFDMAX 5.75 pu 

EFDMAX  Max. exciter output voltage 7.5 pu 
KP  Proportional control gain 8.2 pu 
KI  Integral control gain 9.7 pu 
KD  Derivative control gain 1.2 pu 
KA  Regulator gain  12.2 pu 
KE  Exciter constant for self-excited field  0.92 pu 
TD  Derivative control time constant 0.00 s 
TA  Regulator amplifier time constant 0.00 s 
TE  Exciter time constant 0.20 s 

3.2 Voltage Control Performance 
As outlined in [19], it is imperative for marine applications to 

adhere to stringent voltage fluctuation criteria, which are speci-

fied as follows: 

- Under steady-state conditions, voltage variations should 

be limited to within ±2.5% of the nominal AC system 

voltage. 

- During transient states, voltage fluctuations are permissi-

ble within the range of -15% to +20% of the nominal AC 

voltage. 

Furthermore, following the initiation of a transient event, the 

generator's voltage must be swiftly restored to within ±3% of the 

rated voltage, accomplishing this task within a 1.5 s. 

To evaluate the performance of voltage control measures, gen-

erator manufacturers have undertaken a series of sudden load 

change tests. In these tests, a generator, operating at no load and 

nominal voltage, is subjected to a sudden load that is switched on 

and subsequently switched off. The magnitude of this sudden 
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load is set at 60% of the rated current, featuring a power factor 

ranging from 0.4 lagging to zero [19]. 

To simulate these voltage control tests effectively, the sudden 

load change is integrated into the complete engine-generator sys-

tem, as depicted in Figure 8. This integration involves the acti-

vation and deactivation of an inductive load by means of a spe-

cially designed inductive machine. This rapid change in load con-

ditions induces voltage variations that are closely monitored and 

analyzed. 

Figure 8: Simulation model for evaluating voltage control per-

formance 

(a) 

(b) 

Figure 9: Dynamic performance of the excitation systems under 

the sudden load change tests: (a) inductive load connection and 

(b) inductive load disconnection 

The voltage control performance of the simulation model de-

scribed above is compared to the sudden load change tests con-

ducted at generator testing facilities, with a summary of the re-

sults provided in Figure 9 and Table 3. Note that voltage varia-

tions are calculated as follows: 

∆𝑈𝑈𝑑𝑑 =  100 ∙ 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 (𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑋𝑋𝑒𝑒)⁄   (2) 

where, 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 is the voltage drop during the test. 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 is the max-

imum current during the test. And 𝑋𝑋𝑒𝑒 is the impedance of the in-

ductive load.  

∆𝑈𝑈𝑖𝑖 = 100 ∙ 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 ∙ (𝐼𝐼𝑠𝑠 𝐼𝐼𝑎𝑎⁄ )   (3) 

where, 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum voltage during the test. 𝐼𝐼𝑠𝑠 is the in-

ductive load current.  And 𝐼𝐼𝑎𝑎 is the transient current during the 

test. 

Table 3: Comparison between the simulation and actual test re-

sults for voltage control performances 

Conditions Parameters Units Test  Simulation Error 

Inductive 
load 

connection 

∆𝑈𝑈𝑑𝑑 % 8.035 8.009 0.3% 
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 pu 0.162 0.164 1.2% 
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 pu 1.295 1.297 0.2% 
𝑋𝑋𝑒𝑒 pu 1.429 1.449 1.4% 
Tr s 0.24 0.35 0.11 s 

Inductive 
load 

disconnection 

∆𝑈𝑈𝑖𝑖 % 114.61 116.99 2.1% 
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 pu 1.151 1.176 2.2% 
𝐼𝐼𝑠𝑠 pu 0.700 0.690 1.4% 
𝐼𝐼𝑎𝑎 pu 0.723 0.716 1.0% 
Tr s 0.31 0.61 0.30 s 

As previously detailed, to simulate real-world testing condi-

tions, the model incorporates a specially designed induction ma-

chine. During motor startup, this machine consumes 1.297 pu, 

and in steady-state, it draws 0.69 pu of current, as depicted in 

Figure 9(a). Upon connecting the inductive load, a voltage drop 

of 0.164 pu is observed. This drop primarily results from the ini-

tial inrush current of 1.297 pu and requires recalculation using 

Equation (2). Consequently, the actual voltage drop amounts to 

approximately 8%. When the load is disconnected, an instanta-

neous voltage rise occurs, well within the permissible limit of 

+20%. The maximum observed deviation is 2.4% in voltage 

(equivalent to 158.4 V in a 6,600 V system), representing an error 

rate of 2.1% (see Table 3). This demonstrates that the simulation 

model developed in this study delivers a high degree of accuracy 

in replicating the behavior of excitation systems in conjunction 

with the synchronous generator. 

4. Transient Stability Study
As mentioned in the introduction section, the generator sys-

tems in the healthy parts need to restore normal system frequency 

and voltage after the fault clearing. By using the validated simu-
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lation model for the complete engine-generator systems, transi-

ent stability is analyzed with the PID parameter tuning. 

When a fault occurs in the onboard networks, it can be cleared 

within 200 ms by means of intelligent protection systems [23]. 

Therefore, a three-phase bolted fault is applied to the simulation 

model and it is cleared in 200 ms after the fault. The waveforms 

of frequency, voltage, and field voltage are depicted in Figure 

10. The frequency response presents minimal fluctuations despite 

the occurrence of the bolted fault. The voltage profile explains 

this observation, as the voltage nearly reaches zero, indicating 

that the power required from the generator is relatively low, given 

that power is the product of current and voltage. 

Figure 10: Transient stability analysis after the clearing of the 

fault with the duration of 200 ms 

However, voltage presents a significant concern. The AVR pa-

rameters established during the factory test fail to meet the volt-

age requirement, as illustrated by the red line in Figure 10. This 

discrepancy arises because the parameters did not account for 

this extended fault duration. During the fault, the error between 

the reference voltage and the terminal voltage becomes very 

high, accumulating within the integral controller. Although the 

system voltage eventually returns to 1 pu, there remains integral 

controller action leads to an overvoltage issue in this specific sce-

nario. 

As the error accumulation in the integral controller is the pri-

mary cause of the overvoltage issue (1.362 pu) depicted in Fig-

ure 11, the integral controller gain (KI) is decreased from 9.7 to 

2.9. The dynamic performance with these parameters is illus-

trated by the red line in Figure 11. Clearly, this reduction in KI 

significantly mitigates the overvoltage problem, bringing it 

within compliance with the prescribed voltage variation limits. 

However, it's worth noting that the time required for the system 

to recover to within ±3% of the rated voltage has significantly 

increased. To address this extended recovery time, the propor-

tional gain (KP) is increased from 8.2 to 24.6. The results demon-

strate that these parameter adjustments enable compliance with 

both limits while maintaining safe margins, as summarized in Ta-

ble 4. 

Figure 11: Voltage control dynamics with respect to PID param-

eters 

Table 4: Overview of transient stability studies with respect to 

PID parameters 

Cases PID parameters Max. 
voltage drop 

Recovery 
time 

Without 
tuning 

KP= 8.2, KI = 9.7, KD = 
1.2 36.2% 2.5 s 

Decrease in 
KI  value 

KP= 8.2, KI = 2.9, KD = 
1.2 14.9% 4.0 s 

Increase in  
KP value 

KP= 24.6, KI = 2.9, KD = 
1.2 9.2% 1.0 s 

5. Conclusion
This paper has introduced a robust strategy for controlling die-

sel generators, meticulously designed to comply with stringent 

fault-handling requirements for adopting closed-bus tie systems 

in dynamic positioning vessels to enhance efficiency with fewer 

generators. The comprehensive strategy presented for controlling 

diesel generators addresses challenges associated with potential 

single faults that could disrupt the entire power system. The de-

veloped simulation models for individual governor and exciter 

systems, aligned with real-world scenarios with an error margin 

of approximately 2.1%, contribute to the overall understanding 

of system stability. The analysis conducted has demonstrated that, 

even in the presence of short-circuit faults, the frequency re-

sponse of the system remains steadfast. However, it has become 

evident that the voltage response does not align with the ship's 

requirements, despite the verification of voltage control perfor-

mance through factory testing. To rectify this voltage discrepancy 
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and bring the system voltage within the prescribed limits, a me-

ticulous adjustment of PID parameters within the AVR is imper-

ative. Specifically, a reduction in the integral gain is necessary, 

while an increase in the proportional gain is equally vital. 
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