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Abstract— The use of inverters-based resources (IBRs) is rising 

rapidly in power networks due to increased renewable energy 

penetration. This requires revisiting of classical network operation 

standards. For instance, high transformer energization inrush 

current has been studied extensively under the classical network 

paradigm. Whereas this paper investigates transformers’ 

energization techniques in the context of inverters dominated 

grids, where inverters with limited short-circuit current are 

expected to utilize their grid-forming capabilities for black-start. 

Common transformer energization techniques such as controlled 

switching and soft energization are first analyzed with a new 

perspective aiming to assess their feasibility when used with grid-

forming inverters and existing network assets. Parameters 

influencing soft energization voltage ramp-up time (𝑻𝒓𝒂𝒎𝒑) are

investigated, and a new 𝑻𝒓𝒂𝒎𝒑 estimation framework for

transformer energization from IBRs is introduced. Due to the 

variability of available point-on-wave circuit breakers (CBs) in 

distribution networks, controlled energization using single-pole 

and three-pole CBs is investigated for various configurations and 

their application limits are identified. A comprehensive case study 

is then presented using a test network with multiple transformers 

to benchmark the performance and requirements of each 

technique when the network is energized from an IBR, followed 

by a set of practical recommendations. 

Index Terms— Black-start, transformers energization, inrush 

current, controlled switching, soft energization. 

I. INTRODUCTION

LASSICAL transformers inrush current identification 

and mitigation techniques have been long presented in 

the literature, aiming to maintain system reliability and 

to avoid the mis-operation of protection devices, and continue 

being studied until today [1, 2]. The rising penetration of 

inverters-based resources (IBR) to interface renewable energy 

resources and storage devices into power networks is 

necessitating a paradigm shift allowing IBRs to provide 

ancillary services such as black-start. Power inverters are 

known to have limited overcurrent capability (up to 1.5 pu for 

short durations) [3]. Identifying suitable inrush current 

mitigation techniques thus becomes a necessity in the new 

paradigm rather than a reliability concern. Several inrush 

current mitigation techniques have been proposed in the 

literature, ranging in complexity and level of required 

software/hardware changes. Classical techniques include Pre-

insertion Resistors (PIR), which adds to the transformer core 

flux damping. PIR mainly contributes to: a) reducing the inrush 
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peak, and b) faster transient decay [4]. However, this technique 

requires additional equipment and increases the overall system 

cost and footprint. A recent variation aims to utilize virtual 

damping through grid-forming inverter control (GFC) to mimic 

the PIR behavior for an offshore windfarm HVDC link [5]. 

Another recent work proposes modifying the inverter voltage 

or current references for inrush mitigation. Experimental results 

using a 1 MVA battery to energize a network show significant 

inrush mitigation [6]. Though, the presented analysis does not 

take the residual flux (𝜙𝑟) impact into account. 1

Some transformer energization techniques require direct 

modification to the inverter control to be implemented such as 

soft energization (SE) through a voltage ramp [7], whereas 

other techniques require first establishing a 1 pu voltage at the 

IBR output, followed by inrush mitigation by controlling the 

circuit breaker (CB) closing instant through controlled 

switching (CS) [8, 9]. Soft energization from IBRs is recently 

attracting more industrial and research focus since it exploits 

the inverters voltage control flexibility. Defining a universally 

suitable ramping time is a challenging task due to the varying 

transformer core types, used control, and operating conditions. 

Several works provide different ramp-rates, ranging from less 

than a second to tens of seconds [10, 11], with limited 

justifications. CS technique has also been typically approached 

in the literature with the assumption that the CB phases can be 

controlled independently. Although such CBs are available and 

used with dedicated relays [12], there remains a high number of 

implemented three-pole (3-PL) CBs, especially in medium and 

low voltage networks [13]. Since many IBRs are integrated in 

distribution networks and capable of participating in black-

start, industrial efforts are aiming to develop and test solutions 
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Fig. 1: Visualization of transformer core saturation: (a) normal 

unsaturated operation, (b) high inrush current in saturated conditions. 
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that integrate CS to classical CBs. Such as using dedicated 

point-on-wave (PoW) relays to control the 3-PL CB closing at 

instants that could generate minimum inrush across all phases 

[14]. Implementing CS also requires measuring 𝜙𝑟 across all 

transformer phases. Recent works propose core pre-fluxing 

before energization to avoid this requirement [15].  

The objective of this paper is to present a comprehensive 

approach that aims to evaluate and identify suitable 

transformers energization techniques from IBRs under different 

network conditions and measurements availability. The 

contributions of this paper are summarized as follows. 

- Analysis of CS energization techniques from single-pole 

(1-PL) and 3-PL CBs, with a focus on the latter type 

because of its wider availability in distribution networks. 

- Proposing a new SE framework that aims to answer the 

question of how fast a voltage ramp should be set to avoid 

large inrush currents. The framework is designed to be 

compatible to large networks with multiple transformers. 

- Detailed case study of a practical network, mimicking a 

distribution network in the United Kingdom, with multiple 

transformer units. The case study investigates energizing 

the network from an IBR through CS and SE, showcasing 

the techniques capabilities and limitations, with 

recommendations for similar industrial applications based 

on the presented analysis and findings. 

The rest of this paper is organized as follows: section II presents 

an overview on controlled and soft transformer energization 

techniques, including 3-PL controlled switching. Then, section 

III introduces the new 𝑇𝑟𝑎𝑚𝑝 estimation framework for soft 

energization. Section IV then covers the case study testing 

methodology and presents the simulation results with detailed 

analysis. Practical implications of the presented analysis are 

discussed in Section V, followed by concluding remarks. 

II. TRANSFORMER ENERGIZATION TECHNIQUES 

Energizing a transformer at a random instant can lead to high 

inrush currents driven by the non-linear transformer saturation 

characteristics as illustrated in Fig. 1. When the core flux (𝜙) 

surpasses the linear-region, the magnetizing current increases 

sharply even against tiny flux increments. Transformer 

energization techniques aim to avoid conditions leading to the 

transient core operation in the saturation region. A simplified 

core flux equation of a single-phase transformer can be derived 

from the electrical model equivalent illustrated in Fig. 2, with 

the assumption that secondary winding is open during unloaded 

energization, and that 𝑋𝐿𝑇 ≫ 𝑅1. Such mathematical 

derivations and simplifications make it easier to infer the flux 

influencing factors as illustrated in equations (1) and (2). 

𝑁
𝑑𝜙

𝑑𝑡
+ 𝑖𝑚𝑅1 + 𝐿1

𝑑𝑖𝑚

𝑑𝑡
=  𝑉𝑃  sin (𝜔𝑡 + 𝛼)   (1) 

𝜙 ≈
−𝐿𝑚𝑉𝑃 𝑐𝑜𝑠(𝜔𝑡+𝛼)

√𝑅1
2+(𝜔𝐿𝑇)2

+ (𝜙𝑟 +
𝐿𝑚𝑉𝑃 𝑐𝑜𝑠(𝛼)

√𝑅1
2+(𝜔𝐿𝑇)2

) 𝑒
−

𝑅1
𝐿𝑇

𝑡
   (2) 

where 𝜙 is the instantaneous core flux, 𝐿𝑚 is the core 

inductance, and 𝐿𝑇 = 𝐿𝑚 + 𝐿1, 𝑁 is the transformer turns 

ratio, 𝜙𝑟 is the residual flux in the transformer core, 𝑉𝑃 is the 

energizing side winding voltage amplitude, 𝜔 is the angular 

frequency and 𝛼 is the energization angle on the voltage 

waveform. This derivation neglects the parallel shunt 𝑅𝑚 

branch for simplicity. Equation (2), similar to those reported in 

[8, 15], presents key flux influencing factors. Though, it should 

be noted that 𝐿𝑚 here is variable between high values in the 

linear region and very low values during saturation. 

Approximations such as piecewise expansion of this equation 

are thus required for detailed time-simulations in a similar 

fashion to that presented in [17]. The analogy of flux 

influencing factors in (2) can be extended to three-phase 

transformers, considering the possible influence between 

phases and/or the use of single/three core transformers  [8, 18]. 

A. Classical (1-PL-CB) Controlled Switching 

This technique, also known classically as Point on Wave (PoW) 

energization, relies on switching the transformer in the instant 

when the core residual flux is equal to the ‘prospective flux’ to 

eliminate the transient term impact in (2) and neutralize inrush 

current. The prospective flux (𝜙𝑝𝑟𝑜𝑝𝑠) is estimated by 

integrating the voltage at the transformer terminals as in (3). 

The CB closing scheme requirement under PoW switching is 

represented in (4). The optimal closing angle (𝛼𝑜𝑝𝑡) can be 

obtained by equating the transient term in (2) to zero and 

solving for 𝛼 at t = 0, resulting in (5). 

𝜙𝑝𝑟𝑜𝑠𝑝 =  ∫ 𝑉𝑃 sin (𝜔𝑡) 𝑑𝑡 (3) 

𝐶𝐵 = 1 ⇔ (𝜙𝑟 = 𝜙𝑝𝑟𝑜𝑠𝑝) (4) 

𝛼𝑜𝑝𝑡 ≈ cos−1(−𝜙𝑟(𝑝𝑢)) (5) 

An illustration for the CS optimal CB closing instant is 

presented in Fig. 3 for inrush elimination, where 𝜙𝑟 is initially 

set to −0.7 𝑝𝑢. The re-energization signal is sent at 𝑡 = 0.06 𝑠, 

and the CB is closed when 𝜙𝑝𝑟𝑜𝑠𝑝 = −0.7 𝑝𝑢 @ 𝛼 ≈ 45°. In 

this case, the flux moves along the prospective path with no DC 

component, and the inrush is eliminated. Detailed mathematical 

derivations for this technique were introduced in [19, 20], and 

expanded in different research works to include different 

transformer core types and configurations [21]. When extended 

to three-phase transformers, the classical CS technique requires 

independent control of the CB phases to close at their 

corresponding optimal closing instants. As an example, the 

existence of a ∆ winding at the energizing side requires 

energizing two CBs first to form a winding voltage, followed 

by the third CB at the optimal instant that eliminates the inrush 

current in the remaining two windings. 

 
Fig. 2: Single-phase transformer equivalent electrical circuit model. 
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B. Three-pole Breakers Controlled Switching 

The independent control of CB phases is not widely 

implemented in many distribution networks. An industrial 

example is presented in Distributed ReStart UK project where 

the use of a 3-PL PoW relay is planned for a large transformer 

energization in a black-start scenario [22]. The use of such 

relays implies closing the three CB phases simultaneously, 

while being able to control a common PoW instant. 

Practically, the common PoW closing time should coincide 

with low prospective flux to residual flux error instants as 

defined in equation (6) across all phases to achieve good results. 

The ‘good results’ terminology here is relative. This is because 

different transformer cores have different characteristics such 

as saturation curve knee-point and air-core inductance in their 

saturation region. That is to say, the same error in (6) can result 

into two different per unit inrush current magnitudes for two 

different transformer types. Equation (7) presents a 

mathematical condition that is derived to approximate the 

optimal CB closing instant 𝛼𝐶𝐵 (defined with respect to phase 

A voltage waveform), based on minimizing simultaneously the 

errors in each of the three phases. An additional constraint can 

be added to limit the application to instances where the 

maximum flux error is ceilinged to avoid excessive inrush. This 

ceiling is parametrized here as 휀𝑐𝑒𝑖𝑙  to reflect the highlighted 

variability in transformer core materials. 

휀𝜙 = 𝜙𝑟 − 𝜙𝑝𝑟𝑜𝑠𝑝 (6) 

𝛼𝐶𝐵 ≈ 𝛼(min(|휀𝜙𝑎| + |휀𝜙𝑏| + |휀𝜙𝑐|)) ∶  max (휀𝜙 < 휀𝑐𝑒𝑖𝑙) (7) 

Assuming a low damping factor for the energized transformer, 

then equation (2) can be used to approximate the worst-case 

peak flux deviation beyond 1 pu due to the flux error. This is 

done by setting the time-dependent term in (2) to 

𝜙𝑝𝑘(𝑝𝑢) (𝑖. 𝑒. , 1 𝑝𝑢), and substituting the transient term with the 

per-unit peak flux error from (6) at 𝛼𝐶𝐵. Assuming this error is 

0.5 𝑝𝑢, then the worst-case flux peak occurs around 1.5 𝑝𝑢 

according to (8). 

𝜙𝑝𝑢(𝑡𝑝𝑘) ≈ 𝜙𝑝𝑘(𝑝𝑢) + 휀𝜙(𝑝𝑢) ≈ 1 + |휀𝜙(𝑝𝑢)|   (8) 

Practically, the peak flux is less than the value set in (8), to a 

degree that depends on the circuit damping factor in saturation 

region. Though, equation (8) can serve as a first-level 

approximation to define 휀𝑐𝑒𝑖𝑙 around the flux value resulting in 

1 𝑝𝑢 inrush current (𝜙𝑖𝑛𝑟) in the transformer as in (9). 

휀𝑐𝑒𝑖𝑙(𝑝𝑢) ≈  |𝜙𝑖𝑛𝑟(𝑝𝑢)
| − 1   (9) 

Two examples are presented here to illustrate two possible 

extremes for this technique. In the first example, the residual 

flux combination is set to [0.8, 0, −0.8] 𝑝𝑢. It is seen in Fig. 4a 

that a common minimum error point exists for this combination 

around 𝜃𝐶𝐵 = 210° with (휀𝜙𝑚𝑎𝑥 @ 𝛼𝐶𝐵) ≈ 0.065 𝑝𝑢 in phase A 

and C. Closing the three-pole CB at this instant should generate 

a minimum inrush current in all phases. On the other hand, a 

different residual flux combination (e.g., zeros in all phases - 

demagnetized core) is observed to not have a global minimum 

error points when applying (7) as illustrated in Fig. 4b, and a 

common angle where the three phases errors 휀𝜙  have near zero 

values is missing since (휀𝜙𝑚𝑎𝑥 @ 𝛼𝐶𝐵) ≈ 0.86 𝑝𝑢. Many 

transformers generate high inrush currents when the peak flux 

is around 1.8 𝑝𝑢. Other residual flux combinations between the 

two reported extremes will exhibit different flux error 

behaviors, influenced by the existence of common zero (or 

near-zero) crossing points in all phases. 

Simulations are performed to confirm these theoretical 

predictions, using the standard MATLAB/Simulink 

transformer model with default saturation characteristics (see 

Table I) from an ideal voltage source. Here, applying (9) for the 

transformer model in Table I results in 휀𝑐𝑒𝑖𝑙 estimate around 

0.52 pu (above the first case recorded maximum error, and 

below that from the demagnetized core case). The results of 

worst-case inrush current scenarios for 0 < 𝛼𝐶𝐵 < 360° are 

presented in Fig. 5 for both the residual flux combinations 

presented here, where each dot represents a separate simulation. 

As expected, the first residual flux sequence [0.8, 0, −0.8] 𝑝𝑢 

results into a near-elimination of inrush current around 𝛼𝐶𝐵 =

 
(a) (b) 

Fig. 4: Three-pole closing flux errors comparison -from (7)- between (a): 

𝜙𝑅 = [0.8, 0, −0.8] 𝑝𝑢, and b) 𝜙𝑅 = [0, 0, 0] 𝑝𝑢. 

 
Fig. 5: Three-pole closing peak inrush current at different voltage angles. 

Each dot on the graph is a distinct power simulation. 

 
Fig. 3: CS of a single-phase transformer: (a) voltage energizing point, (b) 

resulting inrush current, (c) 𝜙𝑟 and 𝜙 behavior during energization. 
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210°. Whereas the second residual flux sequence [0, 0, 0] 
results into a pattern of inrush currents that has a global 

minimum of 1.63 pu, signifying a violation of the transformer 

rating throughout the complete 360° range for this combination 

using the standard MATLAB/Simulink model. The same test 

was performed on three-core and single core transformers in 

wye and delta configuration with similar results. This 

consistency is expected since all phases are energized 

simultaneously. This demonstration serves to illustrate that 

although 3-PL CS technique can be quite effective in many 

cases when access to independent phase CBs is not available, it 

can still lead to significant inrush currents under other residual 

flux combinations for the whole PoW angles range. This can 

cause more significant issues when combined with inverters 

limited overcurrent capabilities. 

B. Soft Energization 

When applying this technique, the transformer is energized 

through a ramping voltage between 0 and 1 pu in a period equal 

to 𝑇𝑟𝑎𝑚𝑝. Very fast ramps can still cause significant inrush 

currents, while very slow ramps extend the time during which 

protection equipment may lack an ability to detect faults due to 

the voltage being too low. Selecting an appropriate 𝑇𝑟𝑎𝑚𝑝 thus 

becomes an important task. The applied input voltage across 

ramping and steady-state stages is defined as in (10). 

𝑣𝑝 = { 

𝑡

𝑇𝑟𝑎𝑚𝑝
𝑉𝑃 sin (𝜔𝑡 + 𝛼) ∶ 𝑡 < 𝑇𝑟𝑎𝑚𝑝

𝑉𝑃 sin (𝜔𝑡 + 𝛼) ∶ 𝑡 ≥ 𝑇𝑟𝑎𝑚𝑝

  (10) 

Numeric simulation tools such as MATLAB or PSCAD can be 

used to visualize the ramping voltage impact on the flux and 

inrush current behavior. During the ramp, two opposite actions 

are observed: flux building-up due to the voltage ramp, and the 

transient flux exponential decay by the damping factor. To 

visually demonstrate the behavior during SE, the default 

MATLAB/Simulink transformer is used with a residual flux 

combination of [0.8, 0, −0.8] 𝑝𝑢 in a 𝑌𝑔 − 𝑌𝑔 configuration. 

The transformer is connected to an ideal voltage source to 

measure the direct soft energization impact. The energization is 

repeated four times at different ramp-rates with 𝑇𝑟𝑎𝑚𝑝 =

1 𝑠, 2 𝑠, 5 𝑠 𝑎𝑛𝑑 10 𝑠. The results are summarized in Fig. 6, 

which illustrates the absolute peak envelope of both flux and 

inrush current waveforms for phase A for these different 𝑇𝑟𝑎𝑚𝑝 

values. Clearly, the peak flux is reduced as the ramping time 

increases due to the damping effect of the transient term while 

the voltage takes longer time to build-up. This results in reduced 

inrush current magnitude, peaking at 𝑡 = 𝑇𝑟𝑎𝑚𝑝, before both 

flux and current continue decaying until the transient term 

impact is vanished. Although Fig. 6 accurately demonstrates the 

trends during SE, the results orders-of-magnitude cannot be 

generalized to all transformer models. However, the key 

influencing factors can be generalized. These are observed to 

be: a) residual flux, b) source-to-transformer impedance, c) 

transformer core characteristics, and d) ramping time. 

C. Energization Techniques Benchmark for IBRs 

The transformer energization techniques covered in this paper 

vary significantly in their operation and requirements. For that, 

a brief high-level comparison for their requirements from GFC 

and CBs points of view are presented here. The voltage control 

reference for soft energization should be modified to 

incorporate and track a ramping reference, whereas CS requires 

establishing a 1 pu voltage at the transformer CBs input 

terminals. Fig. 7 summarizes the transformer CBs control 

arrangements for the different techniques, in addition to the 

GFC variations using a basic droop loop as a benchmark, based 

on equations (11)-(13). 

𝑉𝐺𝐹𝐶 = 𝑉 ∠ 𝛿𝑖 (11) 

𝑉 = (𝑉𝑟𝑒𝑓 − 𝑉𝑚𝑒𝑎𝑠)(𝐾𝑝 +
𝐾𝑖

𝑠
) (12) 

𝛿 =
1

𝑠
(𝜔𝑟𝑒𝑓 + 𝑚𝑝(𝑃𝑟𝑒𝑓 − 𝑃𝑚𝑒𝑎𝑠)) (13) 

III. NEW SOFT ENERGIZATION FRAMEWORK 

The framework presented here for 𝑇𝑟𝑎𝑚𝑝 estimation is an 

extension to that presented in [16]. The new framework is 

tailored and extended to IBR applications with larger networks 

 
Fig. 6: Impact of varying the voltage ramp time on peak flux and 

magnetizing current (Ph. A of a Y-Y transformer with 𝜙𝑟 = 0.8 𝑝𝑢). 

 
Fig. 7: Breakers and GFC requirements for each energization technique. 
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consideration. It aims to answer the questions of how fast a SE 

ramp should be to limit the peak source current and power to 

the rated values. Moreover, the framework aims to provide a 

flexible approach that can impact sizing the inverter if it is yet 

to be installed mainly for the network energization purposes. 

The methodology is tailored and extended to grid-forming 

inverter applications with larger networks consideration that 

may consist of a single or multiple transformers with various 

ratings. The proposed framework should mainly be applied 

before the network energization to provide a suitable ramp-rate 

recommendation.  

The ramping time estimation approach presented here is 

iterative and model based in nature (i.e., it requires access to the 

energized transformer and network parameters). Knowledge of 

the energizing network configuration and the energizing source 

control is recommended for improved estimation accuracy, 

such as the impedance between energizing source and 

transformer terminals (e.g., CBs and cables impedance), 

transformer saturation characteristics and residual flux, as well 

as the used source control. This is because flux, being the 

voltage integral, is influenced by this control. The network 

model availability requirement is, in principle, not a limiting 

factor in various cases since many distribution and transmission 

network operators have network models with the key required 

parameters, this is combined with the emerging network 

measurements digitalization trend that further increases the 

available data reliability. That said, in cases where parameters 

are partially missing (e.g., residual flux measurements), then 

worst-case assumptions can be used (i.e., to the higher 𝜙𝑟(𝑝𝑢) 

end). The framework can be used with various power network 

simulation tools with automation such as MATLAB/Simulink 

or PSCAD/EMTDC in combination with Python. The idea here 

is to iteratively run the simulation while varying 𝑇𝑟𝑎𝑚𝑝 until a 

stopping criteria is achieved. 

The new framework flowchart is presented in Fig. 8, and is 

configured to accommodate networks with 𝑛 transformers. To 

implement the proposed methodology, the network model is 

first initialized, with all the CBs in the energized routes in their 

on-state. The worst-case assumptions for missing parameters, if 

any, are also made at this stage.  The soft energization 𝑇𝑟𝑎𝑚𝑝 is 

set to a minimal value close to zero (e.g., 0.1 𝑠) to start the 

simulation. The peak MVA and source currents (in the three-

phases) are recorded and compared to the defined stopping 

criteria. If this criteria is not satisfied, then  𝑇𝑟𝑎𝑚𝑝 is increased 

and the process is repeated. Naturally, the next simulation 

should produce lower peak current and inverter MVA due to the 

increased ramp-time. The iterations are repeated until the 

stopping criteria is met, and 𝑇𝑟𝑎𝑚𝑝 is set to the first value 

meeting this target.  

In the new framework, a threshold current 𝑖𝑠𝑡𝑜𝑝 is defined to 

balance between the inverter and the transformers. Equation 

(14) mathematically defines 𝑖𝑠𝑡𝑜𝑝 based on both equipment 

limits: a) when the inverter rating is the energizing bottleneck 

(smaller MVA than the smallest energized transformer), and b) 

when smaller MVA transformers than the inverter rating exists 

in the network. For instance, if a 10 MVA inverter energizes a 

string of transformers including a 7.5 MVA unit, then a 

preferable stopping criteria should consider the transformer 

rating as well as the inverter to maintain operation within rated 

boundaries for both the IBR and the transformers, since the 

small transformer is the energization bottleneck here. This way, 

the ramping time stopping criteria (𝑖𝑠𝑡𝑜𝑝) ensures that the 

inverter and transformer limits are respected. Though, if some 

transformers are much smaller than the IBR rating (e.g., 10 

MVA to 500 kW), then using them to define the stopping 

criteria could be impractical. In this case, the small units may 

either be energized separately, or using a ramp-rate that ignores 

their rating (if their protection can withstand short-term inrush). 

𝑖𝑠𝑡𝑜𝑝 = { 
𝐹𝑠𝑖𝑖𝑛𝑣𝑚𝑎𝑥 ∶ 𝑀𝑉𝐴𝑖𝑛𝑣 ≤ min(𝑀𝑉𝐴𝑇𝑥)𝑗𝑗𝑗

𝐹𝑠𝑖𝑇𝑥𝑖
∶  𝑀𝑉𝐴𝑖𝑛𝑣 > min (𝑀𝑉𝐴𝑇𝑥

) 
    (14) 

where 𝑀𝑉𝐴𝑖𝑛𝑣 refers to the source inverter rating, 

min(𝑀𝑉𝐴𝑇𝑥) refers to the minimum MVA transformer rating 

in the network, 𝑖𝑖𝑛𝑣𝑚𝑎𝑥 is the maximum inverter rated current, 

𝑖𝑇𝑥𝑖
 is the rated current of the smallest transformer and 𝐹𝑠 is a 

user-defined factor between 0 and 1 that sets the desired 

stopping-criteria safety ‘head-room’. The other stopping 

criteria is related to the inverter MVA power rating that should 

also be satisfied. This is because in some cases, the current has 

been observed to be below its stopping threshold while the peak 

MVA is slightly higher than the rating due to the non-

 
Fig. 8: Flowchart of the proposed 𝑇𝑟𝑎𝑚𝑝 estimation algorithm. 

 

Start
Model energizing 

network*

Φr Available? Use Φr value

Assume worst case 

Φr combination 

Initiate Tramp

Run the model
Record: iinv(t), vinv(t), MVAinv(t), 

max(iinv), max(MVAinv)

Tramp = Tramp + Ts

Record Tramp

Sensitivity 

Analysis?

Vary parameters 

and repeat process

end

Tramp Loop

Yes

Yes

Yes

No

No

No

*Tx + Energizing Source + 

Impedance/Cables + Control

For n 

Transformers

Txj j  = 1

j++

j > n?

No
Yes

Validate Waveforms  

& Protection Limits

max(iinv) > istop & 

 MVAinv > MVArated?

Transformer inrush current mitigation techniques for grid-forming inverters dominated grids



symmetrical nature of inrush conditions and its impact on 

voltage. The stopping criteria can be defined with respect to 

flux or transformer magnetizing current if only a single 

transformer is energized. To maintain generality, the stopping 

criteria is defined here with respect to the inverter current and 

rated power due to: a) the limited IBRs overcurrent capability, 

and b) accommodate the possible existence of multiple 

transformers in the energized network. A power de-rating 

factor, similar to 𝐹𝑠, can also be introduced for the inverter 

MVA rating if high uncertainty is associated with the 

transformer or network measurements or to comply with 

network protection requirements in cases where long ramp-

durations that are recommended by the framework for a specific 

MVA rating risk late fault detection outside grid-code limits. 

Sensitivity analysis has also been incorporated into the 

framework and can be optionally coded to run automated 

testing for different combinations of uncertain parameters, such 

as different network impedances. This helps in establishing 

ranges that can be correlated with field results. 𝑖𝑠𝑡𝑜𝑝 can also be 

varied to consider different inverter ratings, taking into account 

the tradeoff between using small inverters and energizing large 

transformers, which may lead to higher 𝑇𝑟𝑎𝑚𝑝 when compared 

to larger (but more costly) inverters. 

IV. NETWORK ENERGIZATION CASE STUDY 

A. Test System Description 

The methodology to test and benchmark the presented 

energization techniques in this paper is presented here. First, the 

network to be energized is illustrated in Fig. 9 . The network is 

composed of the energizing IBR, transformers with various 

ratings and configurations, CBs, and cables. The presented 

transformers combination is used to showcase the energization 

of multiple transformer topologies. The cables are modeled as 

𝜋 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 with the default MATLAB/Simulink library 

parameters. The base case network parameters are detailed in 

Table I. Given the rising penetration of DERs in power 

networks, assessing the feasibility of using small IBR units in 

energizing large networks is particularly important for network 

operators looking for available units for black-start. Hence, a 15 

MVA unit is selected for the base case. The current threshold is 

based on this rating with (𝐹𝑠 = 0.95) from Equation 14 for SE 

investigations. This equates to 0.787√2 × 0.95 = 1.056 (𝑘𝐴) 

for a 15 MVA inverter at 11 kV.   

B. Energization Techniques Testing Methodology 

Controlled switching in its 1-PL and 3-PL CB forms is tested 

with the assumption that residual flux and prospective flux 

measurements are available for all transformers. The delay 

effect between sending the CB closing command and the actual 

contact closing instant is ignored and assumed to be properly 

compensated by the algorithm, a relevant compensation 

technique example is presented in [23]. The case study assumes 

that 𝐶𝐵1 is 3-PL CB type, and that 𝐶𝐵2 & 𝐶𝐵3 are 1-PL type 

CBs. The selected three transformers provide a combination of 

topologies that cover various scenarios to study their 

energization under different assumptions. In Fig. 9, the CS 

sequence in this case study is such that the grid-forming inverter 

control first provides 1 pu voltage at 𝐶𝐵1 input, then the CB is 

closed at its combined least flux error point from equation (7). 

Following the first transformer energization, 𝐶𝐵2 & 𝐶𝐵3 are 

closed independently to draw least inrush current using separate 

1-PL closing algorithms that are adjusted to accommodate their 

individual configuration. The next black-start step is typically 

connecting load blocks and synchronizing to the HV and MV 

grids. A relevant synchronization technique is presented in [24]. 

In the presented case study, SE is tested under the new defined 

framework in Section III. CBs between the inverter and the 

energized transformers are initially closed, and the energization 

is then simulated while increasing 𝑇𝑟𝑎𝑚𝑝 after each simulation 

 
Fig. 9: Block diagram of the network used for the energization case study. 
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 TABLE I: TEST NETWORK PARAMETERS (FOR THE BASE CASE) 

Inverter parameters 

Rating (MVA), 𝑓 (𝐻𝑧) 15, 50 

𝑍𝑓𝑖𝑙𝑡𝑒𝑟 (𝑝𝑢) 0.075 

𝑍𝑓𝑖𝑙𝑡𝑒𝑟 𝑋/𝑅 ratio 12.5 

MATLAB/Simulink Transformer pu parameters 

𝑅𝑝,𝑠 (𝑝𝑢) 0.002 

𝐿𝑝,𝑠 (𝑝𝑢), 𝐿0 (𝑝𝑢) 0.08, 0.5 

𝑅𝑚 (𝑝𝑢) 500 

𝑇𝑥1 𝜙𝑟(𝑎,𝑏,𝑐) (𝑝𝑢) 0.8, 0, -0.8 

𝑇𝑥2 𝜙𝑟(𝑎,𝑏,𝑐) (𝑝𝑢) -0.4, 0.7, -0.3 

𝑇𝑥3 𝜙𝑟(𝑎,𝑏,𝑐) (𝑝𝑢) 0, 0, 0 

Transformers saturation curve 

𝑖𝑚 (𝑝𝑢) [0, 0, 0.0024, 1] 
𝜙 (𝑝𝑢) [0, 0.85, 1.2, 1.52] 

Cable Parameters (per km) 

(𝑅, 𝐿, 𝐶)𝑐𝑎𝑏𝑙𝑒 12.73 𝑚Ω, 0.93 mH, 12.74 nF 

 

TABLE II: NETWORK ENERGIZATION CASE STUDY – COVERED SCENARIOS 

Technique Case # Parameters Variation from Base Case 

Controlled 

Switching 

Case 1 Base Case 

Case 2 𝜙𝑟(𝑇𝑥1) = [0, 0, 0] 

Soft 

Energization 

Case 1 Base Case 

Case 2 Saturation curve: 
𝑖𝑚 = [0, 0, 0.0024, 3]

𝜙 = [0, 0.85, 1.1, 1.52]
 

Case 3 
𝜙𝑟(𝑇𝑥1, 𝑇𝑥2, 𝑇𝑥3) = [0, 0, 0] 
(Demagnetized cores) 
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until the stopping criteria is satisfied. The simulations continue 

here after the stopping criteria is satisfied for improved results 

visualization and trends identification. The total number of 

simulations per SE scenario is 34, with 𝑇𝑟𝑎𝑚𝑝  ∈ [0.2, 30] 𝑠. 

C. Test Scenarios Definition 

This section presents the network energization case study 

through multiple scenarios covering CS and SE. The scenarios 

(and their sensitivity variations) are summarized in Table II. 

The CS sensitivity case only considers varying the residual flux 

of the first transformer (𝑇𝑥 1), since it is energized with a 3-PL 

CB. Varying 𝜙𝑟 of the other transformers does not have a 

noticeable impact since their 1-PL CB are ideally able to track 

and largely mitigate the inrush impact. Whereas two sensitivity 

cases are considered for SE: a) varying the core characteristics 

of all transformers, and b) demagnetizing all transformers by 

setting 𝜙𝑟 to zero across all phases. The first sensitivity case 

aims to demonstrate the impact of multiple transformer core 

types with different saturation-curve knee-voltage and air-core 

inductance, and the second case is considered to demonstrate 

the paramount impact of residual flux on 𝑇𝑟𝑎𝑚𝑝 selection.  

D. Controlled Switching Results 

The results for CS testing are presented here, starting with the 

base network case. 𝑇𝑥1 is connected to a 3-PL CB with 𝜙𝑟 =
[0.8, 0, −0.8] 𝑝𝑢, while 𝑇𝑥2 and 𝑇𝑥3 phases are energized 

independently. 𝑇𝑥1 energization is initiated at 𝑡 = 0.2 𝑠, and the 

CB is closed at 𝛼𝐶𝐵 = 210° based on equation (7). Given this 

𝜙𝑟 combination, the inrush current is nearly zero and the 

energization occurs smoothly despite the simultaneous phases 

closing.  The two cable segments (30 km and 20 km) are 

energized simultaneously with 𝑇𝑥1. A settling period of 10 

cycles is introduced before energizing 𝑇𝑥2 and 𝑇𝑥3 to mitigate 

any transient impact, which may be modified as needed. Then 

the two remaining transformers are energized. 𝑇𝑥2 is energized 

from the 𝑌 side, and 𝑇𝑥3 from the ∆ side. The CBs are closed 

independently at instances when the flux error is around zero, 

producing near-zero magnetizing currents. A delay of 0.02 s is 

added between the 1-PL CBs activation for improved 

visualization. Transformers flux and magnetizing current 

results at the energization moments for all transformers are 

summarized in Fig. 10, demonstrating negligible inrush current. 

The energizing inverter measurements are presented in Fig. 11, 

showcasing its instantaneous output MVA and current 

throughout the energization process. The spikes at 𝑇𝑥1 

energization instant are due to the cables energization, since 

cables can develop their own transient inrush current [25]. In 

this case study, the cables inrush is within the base inverter 

rating (below 15 MVA) and peak per-phase current (1.11 kA). 

If the resulting current exceeds inverter rating, then SE with 

sufficient 𝑇𝑟𝑎𝑚𝑝 can be used for network energization to 

mitigate this issue. 

 
Fig. 12: CS sensitivity case: flux & inrush currents at energization points. 

 
Fig. 13: CS sensitivity case: a) IBR peak MVA, b) instantaneous current. 

 
Fig. 10: CS base case: flux & inrush currents at energization points. 

 
Fig. 11: CS base case: a) IBR peak MVA, b) instantaneous current. 

 

Transformer inrush current mitigation techniques for grid-forming inverters dominated grids



Controlled Switching Sensitivity Analysis  

The sensitivity case presented here tests the network 

energization performance under a different 𝜙𝑟 combination for 

𝑇𝑥1. The chosen combination [0, 0, 0] generates high minimum 

common 휀𝜙 and inrush current across the full 360° range is 

illustrated in Fig. 5. 𝑇𝑥1 is observed here to generate very high 

inrush current (~ 1 pu) due to the simultaneous phases closing 

at a high error point for phase A and phase C, as summarized in 

Fig. 12. The other two transformers exhibit similar behavior to 

the base case. Overall, the required inrush current from the 

inverter peaks at 56.8 MVA, severely exceeding the chosen 

base rating of 15 MVA. The inverter MVA and current output 

for this scenario are illustrated in Fig. 13. From the presented 

CS analysis, 𝐶𝐵1 is the network energization bottleneck. Had it 

been composed of three 1-PL CBs with accurate residual flux 

measurements, then 𝑇𝑥1 would have followed a similar 

behavior as the other two transformers with near-zero inrush 

current, independent of the 𝜙𝑟 combination. 

E. Soft Energization Results 

SE provides more flexibility in reducing the peak inverter 

current demand during network energization by selecting an 

appropriate ramping time. The new 𝑇𝑟𝑎𝑚𝑝 estimation 

methodology in Fig. 8 is used here. All CBs are initially closed 

and then the GFC ramping reference is applied. From Fig. 14, 

the inverter output MVA and current are significantly high for 

very low 𝑇𝑟𝑎𝑚𝑝 values, as expected. 𝑇𝑟𝑎𝑚𝑝 is increased 

gradually and the process is repeated while recording the 

absolute peak inverter MVA and current values. The decreasing 

trend continues, and the stopping criteria defined by 𝑖𝑠𝑡𝑜𝑝 =

1.056 𝑘𝐴  combined with the peak power < 15 MVA is reached 

around 𝑇𝑟𝑎𝑚𝑝 = 8 𝑠. Fig. 14 also demonstrates the stopping 

criteria if 10 MVA or 20 MVA inverters are used instead of the 

adopted 15 MVA inverter. Increasing the rating by 5 MVA can 

accelerate the ramp to 3 seconds without violating the inverter 

rating, whereas decreasing the inverter size to 10 MVA requires 

using a slower ramp of at least 15 seconds to avoid violating the 

unit rating. This example shows the influence of inverter rating 

on the ramp-rate selection. The inverter status (existing or to be 

installed) and the desired use applications may thus be 

combined with this framework to set an appropriate size under 

worst-case scenario assumptions for cost optimization.  

Looking back at the base 15 MVA inverter rating, time-domain 

simulation results are presented for 𝑇𝑟𝑎𝑚𝑝 = 8 𝑠. Around this 

time, the peak inverter power is 14.5 MVA, just below the 

defined base inverter rating. Time simulation results for this 

scenario are summarized in Fig. 15, illustrating the ramping and 

decaying behavior for both apparent power and the inverter 

current. Since multiple transformers with different 𝜙𝑟 are 

energized, their cores approach saturation region at different 

times per phase and per transformer. The inverter MVA and 

current reach their peak at 𝑡 = 𝑇𝑟𝑎𝑚𝑝, and then continue 

decaying after the ramp is concluded since the flux transient 

from this point is primarily influenced by the damping factor. 

Soft Energization Sensitivity Analysis  

The first sensitivity scenario for SE here considers varying the 

core saturation curve of the network transformers as in Table II. 

The sensitivity saturation curve is steeper, with a reduced knee-

voltage from 1.2 pu to 1.1 pu, and increased peak inrush from 

1 pu to 3 pu when the flux is 1.52 pu (i.e., decreased air-core 

inductance). Reducing knee-voltage means that the saturation 

region is reached faster, while decreasing the air-core 

inductance leads to higher inrush current per flux increment 

within the saturation region. The modified ramping time 

estimation algorithm is re-applied to the network model with 

the new transformers saturation curve, and the results are 

summarized in Fig. 16. Longer ramps are required for 10, 15 

and 20 MVA inverters in the sensitivity case to avoid violating 

the IBR ratings. The minimum ramp-time for 20 MVA inverter 

increased from 3 s in the base case to 8 s here, and from 8 s to 

12 s for the 15 MVA inverter. Lastly, the 10 MVA inverter 

requires a 22 seconds ramp as opposed to the 15 s for the base 

case. the steeper saturation curve impact is more evident at 

lower 𝑇𝑟𝑎𝑚𝑝 values. Comparatively, the peak inverter power at 

𝑇𝑟𝑎𝑚𝑝 = 0.2 𝑠 is 55.6 MVA compared to 31.7 MVA in the base 

case (75% increment), whereas at 𝑇𝑟𝑎𝑚𝑝 = 26 𝑠, the difference 

in peak inverter power diminishes to 18%, between 8.9 MVA 

for the sensitivity, and 7.5 MVA for the base case. That is, both 

cases are observed to approach each other as 𝑇𝑟𝑎𝑚𝑝 increases.  

The final sensitivity case for soft transformer energization 

investigates the impact of energizing the studied network when 

 
Fig. 14: SE base case: a) peak inverter MVA; b) peak inverter current. 

Different IBR sizes are also demonstrated for comparison. 

 

 

 
Fig. 15: SE base case instantaneous results with 𝑇𝑟𝑎𝑚𝑝 = 8 𝑠 for: a) IBR 

power in MVA, b) IBR current for a 15 MVA inverter with 𝐹𝑠 = 0.95. 
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all transformers are demagnetized (i.e., with zero residual flux). 

Since a transformer inrush current is a consequence of the flux 

reaching saturation region, having demagnetized cores means 

that the flux must first ramp up from zero to knee-point before 

causing a noticeable inrush current. This provides a significant 

headroom that allows for faster ramps, as opposed to the base 

case where 𝑇𝑥1 flux in phase A, for instance, is already at 0.8 

pu. Meaning that the headroom for the base case is very limited 

before saturation (between 0.8 pu and 1.2 pu, spanning 0.4 pu), 

as compared to a 1.2 pu span for the demagnetized core. In this 

scenario, 𝑇𝑟𝑎𝑚𝑝 is set to 0.2 s only, which is sufficient to 

suppress energizing inrush current in all three transformers as 

illustrated in Fig. 17. The peak inverter power in this scenario 

is around 0.4 MVA, with a peak current of 29 A. The cables in 

this scenario are also assumed to be initially discharged. This 

scenario clearly demonstrates the impact of residual flux on SE, 

and the positive impact of applying the SE technique on 

demagnetized, or nearly demagnetized (low 𝜙𝑟), transformers. 

V. RESULTS PRACTICAL IMPLICATIONS 

This paper addresses black-start and networks energization 

provision from IBRs, as part of the rising industrial interest in 

similar investigations. For instance, the Distributed ReStart 

industrial project in the UK aims to assess the feasibility of 

using distributed resources (including IBRs) for black-start. 

Some distribution areas targeted by this project in the UK are 

observed to have a concentration of 3-PL CBs with limited 

PoW relays availability. Thus, the investigation covering CS 

here aims to answer the question of the 3-PL technique 

effectiveness against classical CS for similar networks, and to 

extend the analysis into SE as a potential alternative due to the 

highlighted IBRs voltage control flexibility. In light of this, key 

findings and practical/industry implications based on the results 

reported in this paper are summarized below. 

- Classical CS with 1-PL CBs provides superior results to 

energization from controlled 3-PL CBs. Proper delay 

compensations for CB closing should be considered for 

effective CS operation. 

- 3-PL CBs can still perform well under a range of 𝜙𝑟 

combinations (especially at high 𝜙𝑟 of [𝑟, 0, −𝑟] form such 

as [0.8, 0. -0.8] pu), but can still lead to high inrush currents 

under other combinations (e.g., demagnetized transformers 

or with low residual fluxes). 

- Pre-assessments using (7) and (8) are thus recommended 

prior to 3-PL CS implementation.  

- CS techniques require 𝜙𝑟 measurements, which may not be 

accurately available at all energization points. Industrial 

relays, such as SynchroTeq [14] may be used (added cost). 

- SE can be used as an alternative technique that, in principle, 

does not require additional installations or measurements. 

- SE can also avoid inrush currents resulting from cables 

energization without requiring additional hardware. 

- The presented new framework for 𝑇𝑟𝑎𝑚𝑝 estimation 

showcases a model-based methodology that can be adopted 

using industrial software tools such as PSCAD/EMTDC. 

- While 𝜙𝑟 availability helps achieving better 𝑇𝑟𝑎𝑚𝑝 estimates, 

it is not a necessity for the new framework implementation 

since worst-case assumptions for 𝜙𝑟 can be made. 

- A first worst-case residual flux approximation can be 

obtained by simultaneously assuming high 𝜙𝑟 values across 

all network transformers. A confirmatory grid-search may 

also be performed across the transformers, by testing high 𝜙𝑟 

combinations against a single 𝑇𝑟𝑎𝑚𝑝 value and choosing the 

aggregate combination with highest inrush current as an input 

to the ramp-rate estimation framework. 

- SE can be used to accommodate the energization process to 

low IBR ratings through 𝑇𝑟𝑎𝑚𝑝 manipulation (Fig. 14), which 

provides an economic alternative to the inverters de-rating 

option, especially when existing IBRs are used. 

- That said, high 𝑇𝑟𝑎𝑚𝑝 values should be inspected carefully 

for the target network and its protection settings/limits to 

minimize faults non-detection possibility during the ramp 

when voltage level is below detection thresholds. 

- An interesting shown contrast is that soft energization of 

demagnetized transformers can be smoothly achieved with 

very fast ramps, whereas high inrush current is obtained when 

applying 3PL-CS technique with 𝜙𝑟 = [0,0,0] 𝑝𝑢. 

Finally, the results presented in this paper consider a generic 

single-loop GFC implementation. Preliminary simulations were 

carried out by the authors in MATLAB/Simulink and 

RSCAD/RTDS software tools, incorporating inner voltage and 

 
Fig. 17: SE 2nd sensitivity case: instantaneous results for: a) IBR power in 

MVA, b) IBR current when the network transformers are demagnetized. 

 

 
Fig. 16: SE sensitivity case: a) peak inverter MVA; b) peak inverter 

current. Different IBR sizes are also demonstrated for comparison. 
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current loops to the inverter control. Results show that for SE, 

the stopping criteria with inner loops can be achieved with 

shorter ramp durations due to the imposed current-limiting 

control dynamics. The results presented recently in [6] support 

this initial observation, and are recommended for further 

detailed investigation. 

VI. CONCLUSIONS 

A comprehensive approach has been presented in this paper to 

assess key transformer energization techniques in IBR 

dominated power networks, in addition to identifying suitable 

conditions for their application. The paper also proposed a new 

framework for soft energization. Given the large number of 3-

PL CBs in many IBR-dominated distribution networks, the use 

of controlled switching through 3-PL CBs is analyzed and 

shown to be effective over a limited range of residual flux 

combinations. In contrast, energization from 1-PL CBs can be 

effective across the full range of residual flux conditions. 

Though, the application of CS requires accurate 𝜙𝑟 

measurements and PoW relays, which may not always be 

readily available. The new framework for estimating the soft 

energization ramp time, 𝑇𝑟𝑎𝑚𝑝, considers inverter current 

protection aspects and the simultaneous energization of 

multiple transformers. Measurements availability increases the 

new framework estimation accuracy, but unlike CS, they are not 

essential for its application. A detailed case study using a 

network with multiple transformers is presented to benchmark 

the performance of the different energization techniques. 

Controlled switching can locally eliminate transformers inrush 

current, but the inverter can still be prone to inrush currents 

from long cables if no additional measures such as installing 

more PoW CBs are considered. With a sufficient 𝑇𝑟𝑎𝑚𝑝 

duration, soft energization can prevent the cables energization 

inrush with no additional required hardware and to mitigate 

transformers inrush effectively. That said, setting very high 

ramp-rates may also lead to delays in fault detection until a 

sufficient source voltage is present. 
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