
Вестник Астраханского государственного технического университета.  

Серия: Морская техника и технология. 2024. № 1  

ISSN 2073-1574 (Print), ISSN 2225-0352 (Online)  

Судовые электроэнергетические комплексы и системы 

 

 

 
112 

С
ав

ч
ен

к
о

 О
. 
В

.,
 Х

м
ел

ь
 М

. 
Ю

.,
 П

о
л
о
в
и

н
к
и

н
 В

. 
Н

.,
 К

ал
и

н
и

н
 И

. 
М

. 
О

со
б

ен
н

о
ст

и
 с

о
зд

ан
и

я 
тр

ан
сф

о
р

м
ат

о
р
о

в
 с

у
д
о

в
ы

х
 с

и
ст

ем
 э

л
ек

тр
о

д
в
и

ж
ен

и
я Original article  

UDC 621.314+629.5.064.5 

https://doi.org/10.24143/2073-1574-2024-1-112-120 

EDN SZWCAK 

 Ship electric propulsion systems transformers:  

specific aspects of development
13

 

Oleg V. Savchenko�, Mikhail Yu. Khmel, Valery N. Polovinkin, Igor M. Kalinin 

Krylov State Research Center, 

Saint-Petersburg, Russia, krylov@ksrc.ru� 

Abstract. The necessity of new organizational and technical solutions in shipbuilding to ensure the quality of marine 

transformer transformers is substantiated. The analysis of the requirements of the Russian Maritime Register of Ship-

ping, the current ISS for dry transformers is carried out, the experience of enterprises of related industries and foreign 

companies, the design features of power transformers of the ship's electric propulsion system are considered. The re-

sults of the analysis of the requirements for power transformers of marine electric propulsion systems, the features  

of their design and operation are presented. The main parameters of the converters in operating and emergency modes 

are considered and analyzed. The organizational and technical directions of ensuring increased reliability of marine 

converter transformers are proposed. Unlike converter transformers for land transport, there are no regulatory docu-

ments for power converter transformers in shipbuilding. The regulatory documents in force in shipbuilding do not ful-

ly take into account the specifics of marine conversion transformers. The existing main features of marine converter 

transformers are noted. High economic losses in the event of an accident of marine converter transformers determine 

higher requirements for their electrodynamic stability compared with converter transformers for land transport. In 

shipbuilding, there are no requirements for determining the partial short-circuit voltage and the splitting short-circuit 

voltage during testing of transformers necessary for the analysis of their characteristics and modes. When creating ma-

rine converter transformers, it is necessary to justify the characteristic modes of marine transformers using computer 

modeling, develop methods for measuring and calculating the parameters of selected modes and perform process cal-

culations for the most likely accidents in the transformer – rectifier system. With the increase in the power of ship-

board electric propulsion systems, the development of state regulatory documentation to ensure the quality of devel-

opment and operation of converter transformers is becoming increasingly relevant. 
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Научная статья 

 Особенности создания трансформаторов судовых систем  

электродвижения
 
 

Олег Владиславович Савченко�, Михаил Юрьевич Хмель,  

Валерий Николаевич Половинкин, Игорь Михайлович Калинин 

Крыловский государственный научный центр, 

Санкт-Петербург, Россия, krylov@ksrc.ru�  

Аннотация. Обосновывается необходимость новых организационно-технических решений в судостроении по 

обеспечению качества судовых преобразовательных трансформаторов. Выполнен анализ требований Российского 

морского регистра судоходства, действующих ГОСТ к сухим трансформаторам, рассматривается опыт предприятий 

смежных отраслей и иностранных компаний, конструктивных особенностей силовых трансформаторов судовой си-

стемы электродвижения. Представлены результаты анализа требований к силовым трансформаторам судовых си-
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стем электродвижения, особенностей их конструкции и эксплуатации. Рассмотрены и проанализированы основные 

параметры преобразователей в рабочих и аварийных режимах. Предложены организационно-технические направ-

ления обеспечения повышенной надежности судовых преобразовательных трансформаторов. В отличие от преоб-

разовательных трансформаторов для наземного транспорта, в судостроении отсутствуют нормативные документы 

для силовых преобразовательных трансформаторов. Действующие в судостроении нормативные документы  

не полностью учитывают специфику преобразовательных трансформаторов морского исполнения. Отмечены суще-

ствующие основные особенности судовых преобразовательных трансформаторов. Высокие экономические потери 

при аварии судовых преобразовательных трансформаторов определяют более высокие требования к их электроди-

намической стойкости по сравнению с преобразовательными трансформаторами для наземного транспорта. В судо-

строении отсутствуют требования по определению напряжения частичного короткого замыкания и напряжения ко-

роткого замыкания, расщепления при испытаниях трансформаторов, необходимых для анализа их характеристик  

и режимов. При создании судовых преобразовательных трансформаторов необходимо с помощью компьютерного 

моделирования обосновать характерные режимы судовых трансформаторов, разработать методики измерения  

и расчета параметров выбранных режимов и выполнить расчеты процессов для наиболее вероятных аварий в си-

стеме «трансформатор – выпрямитель». С увеличением мощности судовых систем электродвижения разработка 

государственной нормативной документации для обеспечения качества производства и эксплуатации преобразова-

тельных трансформаторов становится все более актуальной.  

Ключевые слова: компьютерное моделирование, пропульсивный комплекс, цифровая модель, корабль, 

трансформатор 

Для цитирования: Савченко О. В., Хмель М. Ю., Половинкин В. Н., Калинин И. М. Особенности создания 

трансформаторов судовых систем электродвижения // Вестник Астраханского государственного технического 

университета. Серия: Морская техника и технология. 2024. № 1. С. 112–120. https://doi.org/10.24143/2073-1574-

2024-1-112-120. EDN SZWCAK. 

Introduction 

Priority market products for the Russian shipbuild-

ing industry are vessels for the Arctic, Northern Sea 

Route (NSR), cargo carriers and specialist vessels for 

inland waters, ships for serving Russian offshore fields 

of hydrocarbons [1].  

The Russian Federation is the world leader in 

building icebreakers and ice-going ships. We operate  

a fleet of 40 medium- and large-sized icebreakers and 

ice-going vessels.   

In addition to the three Pr. 22220 icebreakers  

(LK-60) intended to assist voyages through NSR, two 

more LK-60 vessels and a 120 МW icebreaker-leader 

are put under construction.  

Today, there is a steady trend of growing number 

of electrically propelled vessels, which have no viable 

competitors in ice navigation satisfying the require-

ment for propeller drive overloads. If a steady increase 

persists, we can predict that electrical vessels will ac-

count for 15-20% of the total number of ordered ships. 

Note that in most cases the unit capacity of propel-

ler electric drives for vessels of this purpose are be-

tween 1.4 and 5.9 MW. The installed power levels  

of crane vessels and mining ships, as well as pipe-lay 

vessels are between 12.5 and 30 MV·А, while half  

of that fleet has the power between 22-28.8 MV·А. 

Also, it should be noted that recently we have wit-

nessed an increase in the capacity of integrated electric 

power systems (IEPS) for these ships, and at present 

the IEPS installed power together with the main ship 

consumers (production units, drilling systems, etc.) 

reaches 25-55 MW. 

 

Requirements regarding ship electric propul-

sion system power transformers 

One of the ways to obtain the required sine-wave 

voltage on buses of the IEPS main switchboard is ap-

plication of the rectification circuit to supply electric 

propulsion drive (Fig. 1, 2) with specially designed 

primary windings (circuit Davto – delta with extended 

sides) of power transformers (TV1, TV2 in Fig. 1), 

equivalent to a 24-pulse circuit. This grid is used in 

LK-60 icebreakers and excludes 5, 7, 11 and 13 har-

monics from the frequency spectrum of voltage on the 

MSB (main switchboard) buses. Fig. 2 shows the sup-

ply circuit for one channel of the high-voltage fre-

quency changer (HVFC), where the HVFC invertor 

consisting of three phase modules is represented by 

only A phase module for clarity.  

In accordance with the adopted classification, the 

power transformers (PT) under consideration are dry-

type three-phase converter PTs [2] intended for opera-

tion in macroclimatic areas with marine climate (ma-

rine transformers). 

PTs comply with the requirements of Russian Mar-

itime Register of Shipping (RS) for power transform-

ers of electric propulsion systems (EPS) [3]. RS for-

mulates general requirements for EPS power trans-

formers and specifies additional requirements for elec-

tric equipment in the range 1000 V to 15 kV, including 

compliance with IEEC standard 60076-11 [4].  
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10.5 kV 

TV2 
Davto/Y-D-10.25-11.25 

TV1
      Davto/Y-D-11.75-0.75 Davto Davto 

Y D D Y 

HVFC 

Channel 1 Channel 2 

 
 

Fig. 1. Supply circuit of propeller electric drive 

 

Since there is no dedicated regulatory document for 

converter PTs, it is allowed by the Interstate Standard 

(ISS) R 54827-2011 to apply its requirements in full or 

in part. However, it should be noted that this ISS 

standard was initially intended to consider dry-type 

transformers of general purpose and could not cover 

all particulars of converter PTs intended for marine 

use. ISS R 58115-2018 [5] and ISS R 16772-77 [6] 

provide a notable example of successful PT applica-

tion practices in industry sectors other than mobile 

water transport.  

Efforts to improve reliability of ship IEPS & EPS 

and ensure their fail-free operation emphasize the need 

for robust PTs and, therefore, it calls for drafting  

of state regulatory documents to provide the high qual-

ity of converter PTs developed for and operated in 

electric propulsion systems. 
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Frequency converter 

Rectifier Chopper Phase module 

P
h

a
se

 A
 

Snubber diod 

Brake resistor 

1950 V 

–2500 V 

10.5 kV 

1950 V 

+2500 V 

Davto 

Y 

D 

 
 

Fig. 2. Supply circuit of one channel of high-voltage frequency changer 

 

Specific aspects of design and operation of con-

verter transformers for ship electric propulsion 

systems   

Unlike general purpose PTs designed for land-

based operation, the converter PTs intended for ship-

board service: 

1. Operate in equivalent multi-pulse circuits of rec-

tification.  

2. Use partial transformer windings connection 

groups (call numbers characterizing the phase shift  

of similar line voltages of primary and secondary 

windings, see symbols in Fig. 1). 

3. Experience high risks of abrasive metal dust to 

settle on transformer windings during fitting jobs.  

4. Experience constant and rather heavy vibration.  

5. Have relatively frequent three-phase faults relat-

ed to malfunctioning of HVFC power semiconductors.  

6. Have high fault current ratios, and, therefore, 

high electrodynamic forces in transformer windings. 

7. Have to meet stringent requirements for reliabil-

ity of PT in electric propulsion systems because of no 

redundant units.  

8. Have to use labour consuming replacements  

of defective PT in electric propulsion systems during 

operation.  

The winding circuits of three-phase converter PTs 

for electric propulsion systems shown in Fig. 1 are 

given in Fig. 3. Windings of each PT are arranged on 

three legs of the core. Windings of one phase of each PT 

consists of two secondary or valveside windings (VW) 

and one primary or power winding (PW) made up  

of two parallel branches, these are arranged on one 

core as shown in Fig. 4 for phase A.  

This connection scheme is called “delta with ex-

tended sides” [7] or “sliding delta” [8]. 

In this connection scheme each phase of the wind-

ing is split into two branches with the number of turns 

w' and w''. Internal branches (w') are connected in del-

ta, external circuit inputs, i.e. extended delta sides (w'') 

are connected with an electrical circuit (phases А, В, С 

in Fig. 3). By changing the number of turns w' and w'' 

one can obtain any angle between voltage vectors of one 

phase of primary and secondary winding from 0-30°. 

In the PTs under consideration, the “sliding delta” 

connection together with different direction of PW  

of each PT provide an additional 15° shift for the simi-

lar vectors of VW line voltages of one PT relative to 

the other PT (Fig. 5).  
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Davto/Y-D-11.75-0.75 Davto/Y-D-10.25-11.25 

a b 
 

 

Fig. 3. Winding circuits of converter transformers in electric propulsion system:  

a – transformer connections with clock hour figure Davto / Y – D – 11.75 – 0;  

b – transformer connections  with clock hour figure Davto / Y – D – 10.5 – 11.25  

 

 
 

Fig. 4. Winding circuit of one phase of EPS transformer  
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Davto/Y–D–11.75–0.75 Davto/Y–D–10.25–11.25 

 
 a b 

 

Fig. 5. Voltage vector diagrams of primary and secondary PT windings in EPS:  

a – transformer connections with clock hour figure Davto / Y – D – 11.75 – 0;  

b – transformer connections with clock hour figure Davto / Y – D – 10.5 – 11.25  

 

As it is seen in Fig. 4 and symbols of the PT 

scheme under consideration in Fig. 1-3 (Davto), the 

phases of PW have autotransformer connections. 

Therefore, in design of such power transformers one 

has to consider structural features of autotransformers. 

Different numbers of turns in phase legs of PW 

cause a phase shift in legs. In this case the line and 

phase currents of the circuit under consideration are 

related by  (under symmetrical conditions) 

[7, 9]. The latter leads to different cross-sections  

of PW phase legs. These specific features not only 

complicate manufacturing of these windings but also 

impose more stringent requirements on calculation  

of PT electrodynamic withstand. 

Significant difference of instant currents in wind-

ing sections under normal operation and accidental 

modes of HVFC brings about different stray magnetic 

fields and related leakage inductive reactance of the 

transformers under consideration. It has a great influ-

ence on current distribution in parallel branches and 

winding conductors, stray load losses, including losses 

caused by higher harmonics [10]. This current distribu-

tion defines a complicated pattern of magnetic field at 

short circuiting, which along with fault current deter-

mines a withstand of transformer windings [11].  

It emphasizes the need for full-scale electrodynamic 

withstand tests of prototype converter PTs, develop-

ment of test methods and set-up of regional inter-

sector shock proof facilities, as mentioned in [12]. 

Characteristics of rectifiers in operating and acci-

dental models depend on specific inductive and active 

resistance of transformer windings. The concept  

of fault voltage, and, therefore, short circuiting of the 

transformer, as per ISS 16110-82, is not sufficient for 

the analysis of these characteristics and modes [13]. In 

this connection additional notions for short circuiting 

of converter transformers have been introduced in  

ISS 16772-77 [6, 10] (Table). 
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Term Definition Notes 

Through fault voltage 

of transformer  

Fault voltage of a pair of windings 

(power and valveside windings) with all 

parts of valveside winding short circuit-

ed, as per ISS 16110  

It determines the level of fault current, power fac-

tor and voltage variations under normal operation.  

The required voltage value is defined by the need 

to limit fault current at short circuiting of rectifier 

busbars. 

This parameter is used for calculation of fault cur-

rents to select electric protection settings 

Partial fault voltage  

of valveside winding  

of transformer  

Phase-to-phase voltage that should be 

applied to outputs of transformer power 

winding to set a rated current at short 

circuiting of one part of valveside wind-

ing that is not connected galvanically 

with other parts being open-circuited    

In case of breakthrough of a single rectifier valve, 

the current is limited by partial fault resistance. 

This parameter is important for electrodynamic 

withstand of the transformer and reliable tripping at 

breakthrough of a single rectifier valve 

Fault voltage  

of transformer  

switching  

Phase-to-phase voltage to be applied to 

transformer PW terminals for setting 

the nominal current in PW at short-

circuited parts of the valve winding 

with same connection scheme, which 

are involved in concurrent switching at 

nominal conditions, and at other parts 

of the valve winding being open 

In multi-pulse rectification circuits there is con-

current switching of some valves. In this case the 

voltage drop at rectifier is defined by the fault volt-

age of switching. Minimization of the fault voltage 

reduces the rectified voltage drop and improves the 

power factor. 

At parallel connection of rectifiers the switching 

resistance with the split-up resistance ensures re-

striction of equalizing currents 

Fault voltage  

of split-up  

Voltage to be applied to one of the VW 

parts not connected galvanically for 

setting the current in the same part cor-

responding to nominal power of the 

power winding, and the other part of the 

same winding short-circuited, and pow-

er winding and other parts of valve 

winding being open 

This parameter shows the level of mutual influ-

ence between VW parts (desirably, the maximum 

possible split-up resistance should be ensured). 

At parallel connection of rectifiers the the split-up 

resistance with switching resistance ensures re-

striction of equalizing currents 

 

The fault voltages mentioned in Table are the main 

parameters determined from tests of converter PTs, 

which give inputs for calculation of magnetization and 

stray inductance. 

Knowledge of these rectifier PT parameters is very 

important for studying normal transient and accidental 

processes using computer simulations during the de-

sign of IEPS and EPS for working out electrical pro-

tection, its tuning, and verification of electromagnetic 

compatibility for IEPS and EPS equipment.  

At present in the development of ship’s converter 

PTs the “fault voltage” is determined, which should be 

called the “through fault voltage” as per terminology 

of ISS 16772-77.   

It is required to justify the typical modes of PTs 

and develop the methods for measuring and calculat-

ing PT parameters to satisfy the chosen operating con-

ditions. There is also a need for justification of param-

eters and modelling procedures for PTs as a part  

of EPS rectifier devices. 

It should be noted that the existing methods based 

on analytical estimation of fault currents allow calcula-

tions of only symmetrical short circuits on transformer 

VW. There are many more potential accidents when 

PTs operate as a part of EPS rectifier devices. The 

most probable accidents in case of unreliable protec-

tion in rectifier circuits range from breakthrough  

of a single valve with asymmetric two-phase short 

circuit to faults of other valves with transit to a three-

phase short circuit.   

In order to ensure reliability of these systems and 

support the design and tuning of electric protection 

against fault currents it is required to calculate the pro-

cesses involved in the most probable accidents in the 

transformer-rectifier system. From the engineering and 

economic perspective, the only effective method for 

this purpose is computer simulations. 

It is important to note that unlike converter trans-

formers for railway DC substations (as example), fail-

ures of shipboard PTs cause multiple losses associated 

with shortfall in profits because the ship is not used for 

its intended purposes, subject to docking, removal  

of functional equipment and hull structures for trans-

former replacement [12]. For this reason the reliability 
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requirement, primarily the electromagnetic withstand 

of ship rectifier PTs, should be more stringent.  

 

Conclusions 
1. There are no specific regulatory documents in 

shipbuilding regarding PTs, therefore, application  

of general requirements for dry-type transformers is 

allowed, failing to take full account of aspects specific 

to marine PTs. For this reason it is highly important to 

justify the need for state normative documentation to 

ensure high quality of design and operation of EPS 

converter transformers. 

2. The main specific features of converter PTs are 

related to their operation as a part of multi-pulse recti-

fication circuits and the use of partial winding connec-

tion schemes.  

3. In the PT design it is required to consider struc-

tural details associated with autotransformer connec-

tions of power windings. The complex pattern of mag-

netic field distribution at short circuiting defines elec-

trodynamic withstand of transformer windings, which 

underscores the importance of full-scale tests for con-

verter PT prototypes, development of relevant test 

methods and setup of regional inter-sectorial shock-

proof test facilities. 

4. For the analysis of converter PT characteristics 

and modes it is required, in addition to the through 

fault voltage, to determine partial fault voltage and 

split-up fault voltage during their tests.   

5. In order to ensure the reliability of ship EPS, 

support the design and tuning of electric protection 

against fault currents it is required to justify the typical 

modes of converter PTs in the EPS, develop methods 

for measuring and calculation of parameters for the 

chosen transformer modes, which should be used for 

calculating the processes involved in the most proba-

ble accidents in the transformer-rectifier system.  

6. More stringent requirements should be imposed 

on the electrodynamic withstand of ship PTs as com-

pared to converter PTs intended for other applications. 
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