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Abstract 
Power electronics converters can enable grid support functionalities under abnormal grid conditions. In 
this paper, a voltage-frequency support strategy based on the reactance to resistance (X/R) ratio of the 
grid impedance is proposed for a flywheel energy storage system. Unlike conventional support schemes 
where voltage and frequency support is decoupled, the proposed strategy considers the coupling between 
voltage and frequency due to the resistive characteristics of the grid impedance in low voltage 
distribution grids. In addition, the proposed strategy ensures a fair compensation between voltage and 
frequency support by utilizing two gains that are defined according to the event type. Simulations and 
experimental tests are carried out using a laboratory setup to validate the proposed strategy. The 
capabilities of storage systems to provide such tailor-made ancillary services for supporting the 
distribution grid are demonstrated.  

1. Introduction 
The distribution grid is currently undergoing substantial challenges due to the massive integration of 
power electronics based renewable generation [1]. The voltage and frequency stability is among the 
major concerns for the system operators as the inertia levels are dramatically reducing [2]. In addition, 
as the penetration levels of renewable energy sources and electric vehicles are expected to rise in low-
voltage distribution grids, the system will be more vulnerable during voltage and frequency 
disturbances. Thus, the capabilities of power electronic converters and the flexibilities offered by energy 
storage systems need to be exploited to secure the proper operation of the distribution grid by designing 
tailor-made support strategies for storage systems. 
Smart inverters can offer flexible capabilities to the system operators under normal and abnormal 
conditions. There are already commercial inverters that can provide voltage and frequency support 
during disturbances by controlling the reactive and active power respectively [3]. Further, synthetic 
inertia provision by wind turbines has successfully been demonstrated by Hydro-Quebec and 
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widespread adoption is expected [4]. More advanced schemes have also been proposed considering 
balanced and unbalanced conditions [5]-[7]. The implementation of these schemes requires the 
development of more advanced current controllers which are capable of regulating both positive and 
negative sequence currents [8]-[10]. In addition, a voltage and frequency support strategy is proposed 
for a storage system in [11]. However, the authors did not consider fair compensation between the two 
services, which cannot secure the provision of concurrent frequency and voltage support. To secure 
proper operation under any grid conditions, the authors in [12] developed a scheme for a fair 
compensation of voltage and frequency provision. Therefore, the new operating modes can be utilized 
to improve the stability of the distribution grid. 
The unique characteristics of the distribution network are not considered by the studies mentioned 
above. The resistive nature of the distribution lines alongside with the capabilities of power converters 
should be taken into account in order to develop dedicated control strategies for the low voltage 
distribution grid. More specifically, the decoupled control approach is not valid in distribution networks 
due to the low inductance to resistance ratio of the grid impedance. Consequently, voltage support 
should be provided not only with reactive current, but also with active current to ensure effective 
operation. A current reference generator that is based on the grid impedance for balanced and unbalanced 
conditions is proposed in [13]; however no formulation for voltage support is considered. Further, an 
optimization algorithm is developed to maximize the voltage support and unbalance compensation in 
distribution networks [14]. The objective function tries to maximize the difference between positive and 
negative sequence voltage to compensate both voltage drops and unbalances. Nevertheless, the authors 
in [14] assume that the converter should support the voltage with its rated current regardless of the 
voltage drop intensity. This approach can be considered to be simple in terms of implementation 
complexity, but the large discontinuities in the voltage support concept can impose intense oscillations. 
In this paper the conventional voltage support of [12] is modified to provide proper support to the 
distribution network where simultaneous injection of active and reactive power is essential for 
supporting the voltage. In addition, a droop control is implemented to adjust the output current according 
to the voltage drop intensity which is not considered in [14].  Further, a second modification is applied 
for concurrent operation of voltage and frequency provision where the support is prioritized according 
to the severity of the event. Therefore, a new voltage and frequency support scheme is proposed in this 
paper dedicated for storage systems connected in low-voltage distribution grids. The effectiveness of 
the support scheme is tested on a Flywheel Energy Storage System (FESS). It should be noted that the 
same support strategy can be applied in a battery storage system as well.  
Section 2 of the paper describes the existing voltage and frequency support methodologies. The 
proposed support strategy is presented in Section 3 and the simulation results of a FESS enhanced with 
the proposed voltage-frequency support strategy is presented in Section 4. The proposed strategy is 
validated in a prototype experimental setup as demonstrated in Section 5. Finally, Section 6 concludes 
the paper. 

2. Conventional Voltage-Frequency Support Schemes 
Voltage should lie within safe limits to secure proper operation and avoid voltage collapse with severe 
consequences. The distribution grid faces radical changes that can increase the sources of voltage 
disturbances. More specifically, in contemporary distribution grids the short-circuit faults and the 
connection of heavy loads is usually the main reasons for voltage drops.  In the future distribution 
network, the sources of voltage drops is expected to increase due to the integration of electrical vehicles 
into the distribution grid that require a significant power demand for charging. In addition, renewable 
generation can cause reverse power flow leading to over-voltage conditions. Hence, securing voltage 
stability is becoming more challenging than ever for the system operators. According to the grid codes, 
renewable energy sources should remain connected with the grid and provide Fault Ride Through (FRT) 
operation during disturbances. The provision of voltage support is realized by the injection of reactive 
current (iQ) which is defined as the current that lags the voltage by 90 degrees. The reactive current is 
altered as in (1) according to the voltage drop intensity, 

iQ=kv(Vn − VPCC)=kvΔV (1) 
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where, Vn and VPCC are the magnitude of the nominal voltage and of the voltage at the Point of Common 
Coupling (PCC) respectively. The voltage droop constant (kv) determines the voltage support intensity 
and should be equal to or higher than 2 according to the grid codes [12]. The provision of voltage support 
is enabled when the voltage exceeds a pre-defined dead-band zone as shown in Fig. 1(a). Further, the 
converter current ratings during the voltage support should be considered to avoid overcurrent protection 
tripping and excessive thermal loading. Hence, the active current (iP), which is defined as the current 
vector that is in-line with the voltage vector and is responsible for the active power injection, should be 
limited according to the rated current (In) of the inverter, as given in (2).  

iP=ටIn
2 − iQ2  (2) 

Frequency stability is also deteriorated due to the decrease of the physical inertia of the system caused 
by the high penetration of power electronics based distributed resources. The number of frequency 
incidents have  increased over the last years due to lack of active power control for frequency regulation 
[2]. Hence, load shedding and renewable generation curtailment is implemented to deal with under- and 
over-frequency disturbances respectively. In addition, de-loading operation of renewable generation is 
proposed to enable them to respond in under and over-frequency events. Fig. 1(b) shows a frequency 
support strategy especially designed for storage systems (enhanced frequency response) in the UK [15]. 
The active power (P) is regulated according to the frequency variations and the frequency droop constant 
(kf) which defines the intensity of the frequency support as in,  

P=kf  ൫fn − f  ൯ = ݇(3) ݂߂ 

where, fn is the nominal frequency. It should be highlighted that when a grid fault occurs, it usually 
affects both voltage and frequency [12]. For instance, a high value of voltage droop constant will 
deteriorate the frequency support capability and vice versa. Therefore, a fair compensation of voltage 
and frequency support is essential to secure proper grid support under high penetration scenarios of 
renewable generation in the distribution grid.  

3. Proposed Voltage-Frequency Support Scheme 
The conventional support strategies (as mentioned in Section 1) are not effective in distribution networks 
due to the resistive characteristic of the distribution lines. The control of reactive current to provide 
voltage support assumes that the grid impedance is mainly inductive or the X/R ratio is high. However, 
this assumption for decoupled control is only valid in transmission networks. Therefore, the grid 
resistance and inductance should be both considered when designing voltage support strategies for 
distribution networks.  
A distributed generator (i.e., PV, wind, storage, etc.) connected to the grid through the PCC can be seen 
as a simple Thevenin circuit which is constituted by a grid impedance (Z=R+jX) and a main grid voltage 
(vg). Therefore, the voltage at the PCC can be expressed as, 
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Fig. 1: Conventional voltage and frequency support schemes: (a) Voltage support and (b) frequency 
support.   
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ܞ = ܞ + ܑܴ + ܑܺ (4) 

where vg =[vgd vgq]T is the grid voltage vector, vPCC =[vPCCd vPCCq]T is the PCC voltage vector, i=[id iq]T is 
the current vector (all expressed in the synchronous reference dq-frame), R is the grid resistance and X 
is the grid reactance. At the transmission level, the term iR is neglected since it is very small compared 
to the term iX and the voltage support is achieved when only reactive current is injected. However, in 
the case of distribution networks, the X/R ratio is considerably lower and both terms (iR and iX) need to 
be included in the voltage support strategy. Therefore, the current should consist of active (iPfrt) and 
reactive (iQfrt) current as,          

i=iPfrt+j·iQfrt=IFRT∠θopt (5) 

where IFRT the current magnitude during the voltage support and θopt=tan-1(X/R) is the phase angle of the 
support current vector. It should be highlighted that θopt is the current phase angle that ensures the 
optimal voltage support according to the X/R characteristics of the distribution line.  
The proposed voltage support strategy is illustrated in Fig. 2(a).  According to the proposed scheme, the 
FRT operation is enabled when the voltage exceeds the dead-band zone defined as 0.9 ≤ VPCC ≤ 1.1 pu. 
Then, a droop control approach is utilized to adjust the current magnitude according to the intensity of 
the voltage drop. The voltage droop constant (kv) is defined in an adaptive way considering both voltage 
drop and operating conditions before the event, as given in, ݇௩ = ிோ்ܫ − ܫ)ܸ߂ܫ −  ) (6)ܫ

where I0 is the operation current before the voltage drop. The proposed voltage support scheme is 
tailored for storage devices, which can both absorb and inject energy. However, the scheme can be 
applied in any renewable generation unit with slight modifications. As can be seen from Fig. 2(b), the 
current angle is equal to θopt during under-voltage conditions (discharging mode) and equal to its 
supplementary (180- θopt) during over-voltage conditions (charging mode).   
The conventional frequency support (as shown in Section 1) can also be represented in terms of current 
magnitude (I) and current angle (θ) as shown in Fig. 2(c) and 2(d). As can be seen, the current magnitude 
is altered with respect to the frequency drop intensity as in, 

݇ = ܫ − ܫ)݂߂ܫ −  ) (7)ܫ

where If is the frequency support current and kf the frequency droop constant. For under-frequency 
events, the angle is maintained at zero degrees since only active power is injected into the grid 
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Fig. 2: Proposed voltage and frequency support stategies: (a) Current magnitute for voltage support, (b) 
current angle for voltage support, (c) current magnitude for frequency support and (d) current angle for 
frequency support. 
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(discharging mode), while in case of over-frequency, active power should be absorbed by the storage 
system. Hence the angle should be maintained at -180 degrees (charging mode). It should be highlighted 
that the representation of the frequency support using the current magnitude and angle is adopted in 
order to develop the proposed voltage-frequency support scheme, as demonstrated in the following 
paragraphs.  
A mixture of voltage and frequency provision is developed by combining the schemes described above. 
The proposed strategy ensures a proper and fair compensation between voltage and frequency under any 
grid conditions. The current magnitude during voltage and/or frequency support (IV-f) according to the 
proposed methodology is defined as,  ܫି = ܫ + ൫݇௩݇ଵܸ߂ + ݇݇ଶ݂߂൯(ܫ −  )  (8)ܫ

where k1 and k2 are the parameters that ensure a fair compensation between voltage and frequency 
support and are defined as, ݇ଵ = ܸ߂ܸ߂ + ݂߂  , ݇ଶ = ܸ߂݂߂ +  (9)  ݂߂

It should be noted that the values of k1 and k2 can only be in the range [0, 1]. As can be seen, k1 and k2 
are complementary terms and their sum should always be equal to one. In addition, it should be 
highlighted that k1 and k2 are defined only in case of voltage and/or frequency violation (outside of dead-
band zone or zones).  
According to the proposed strategy, the current angle is expressed in degrees (o) and it is  given by,  

ିߠ = ⎩⎪⎨
⎪⎧ ݇ଵ ∙ ௧ߠ + ݇ଶ ∙ 0 ܸ ↓, ݂ ↓݇ଵ ∙ ௧ߠ − ݇ଶ ∙ 180 ܸ ↓, ݂ ↑݇ଵ ∙ ௧ߠ) − 180) − ݇ଶ ∙ 180 ܸ ↑, ݂ ↑݇ଵ ∙ ௧ߠ) − 180) + ݇ଶ ∙ 0 ܸ ↑, ݂ ↓  (10) 

There are four possible angle equations according to the event type as shown in (10):  
a) Under-voltage (V↓) and under-frequency (f↓) where θv-f can be calculated between 0o (full 

active power injection during under-frequency event only) and θopt (during under-voltage 
event only) 

b) Under-voltage (V↓) and over-frequency (f ↑) where θv-f can vary between θopt (during under-
voltage event only) and -180o (charging during over-frequency event only) 

c) Over-voltage (V↑) and over-frequency (f ↑) where θv-f can vary between -180o (absorbing 
active power during over-frequency event only) and θopt -180 (during over-voltage event only) 
which is the supplementary angle of θopt 

d) Over-voltage (V↑) and under-frequency (f ↓) where θv-f can be calculated between 0o (injection 
of active power during over-frequency event only) and θopt -180 (during over-voltage event 
only) 

Since the current magnitude and angle are defined, the current vector during the proposed support (iV-f) 
can be defined as, 

 ܑି = ିߠ∠ିܫ = [ܑ_ି ܑொ_ି]்  (11) 

4. Simulation Results 

The proposed strategy is implemented on a 1 kW/2 kWh flywheel energy storage system with rated 
speed 14000 rpm modelled in MATLAB/Simulink to investigate the additional capabilities of storage 
devices operating with the proposed FRT scheme. It should be highlighted that the proposed voltage-
frequency support scheme can also applied to any type of storage systems (e.g.., chemical batteries). A 
detailed model of the flywheel and its associated controllers is illustrated in Fig. 3.  The model consists 
of a permanent magnet generator, whose inertia also includes the flywheel mass inertia, and a back-to-
back converter configuration along with its controller. The machine side converter (MSC) controls the 
generator speed or active power, while the grid side converter (GSC) regulates the dc-link voltage and 
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reactive power. The MSC controller is implemented using vector control as in [16]. More specifically, 
the d-axis is aligned with the rotor flux and the q-axis is 90 degrees behind the d-axis to enable a 
decoupling control technique. Hence, only the q-axis contributes to torque production and the d-axis 
reference current is always set to zero. Further, the tuning of the PI current controllers and the DC-link 
controller is implemented as in [17]. The reactance to resistance (X/R) ratio is assumed to be 2.3658 
which is a typical value for low voltage distribution grids.  
The performance of the proposed voltage-frequency support strategy is firstly validated through 
simulations. A balanced three-phase fault is applied to the grid at t=0.5 s which causes a voltage drop 
of 30% at the PCC as shown in Fig. 4. Further, the scenario considers that the voltage drop also causes 
the tripping of a generator in the grid and thus, an under-frequency event of 0.5 Hz (Δf=100%) occurs 
at t=0.5 s. As can be seen, initially, the reactive power increase due to the faster dynamics of the voltage 
drop event compared to the slower dynamics of the frequency change event. Then, a few milliseconds 
later, the frequency exceeds its dead-band zone as defined in Fig. 2 and the frequency support is activated 
as well, which cause the decrease of the reactive power and the increase of the active power. It is 
important to note that in this case, frequency support is more intense compared to voltage support since 
the frequency deviation is greater than the voltage deviation. 
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Fig. 3: FESS enhanced with the proposed voltage and frequency support scheme. 

 

Fig. 4: Simulation results for instanteneous voltage-frequency drop. 
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5. Experimental Results 
An experimental setup has been developed to validate the performance of the proposed voltage-
frequency support scheme. A three-phase 5 kVA SEMIKRON Semiteach (B6U+E1C1F+B6CI) has been 
used as GSC and the GSC control has been developed with a dSPACE DS-1104 DSP board with 
sampling and switching frequency of 3.45 kHz. A DC power supply (ELEKTRO-AUTOMATIC) has 
been utilized to emulate the flywheel among with the MSC or a chemical battery storage unit. The 
inverter has been connected through an LC filter and an inductance into a programmable AC source 
(California Instrument 2253iX) which has been used to play the role of the grid. In addition, a 3 kVA 
three-phase load has been connected in parallel with the AC source to absorb the power from the inverter 
in order to avoid power fed back into the AC source (since the AC source can only support two-quadrant 
operation for only delivering power). Further, a 5 kVA Y/D transformer has been utilised to ensure grid 
isolation. The current rating of the three-phase converter is 10 A, however, due to the limited capacity 
of the three-phase load the converter current was limited to 3.88 A rms to ensure that the AC source will 
never absorb energy. The parameters of the experimental are depicted in Table I. The grid impedance 
used for the simulation results is also utilised for the experimental setup. Fig. 5 demonstrates a photo 
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Table I: Parameters of the experimental setup 
Switching and sampling 
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Fig. 5: (a) A photo of the laboratory setup, (b) Schematic diagram of the setup. 
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and the schematic diagram of the laboratory setup that has been developed to validate the proposed 
support strategy. 
Three sets of experiments have been conducted to investigate the effectiveness of the voltage-frequency 
support scheme. The first case study investigates the performance of the proposed scheme under a 
voltage sag. The programmable AC source has been used to create the voltage sag by adjusting its 
voltage from 230 V to 161 V which represents a 30% reduction. Fig. 6 demonstrates the transient 
response of the experimental setup when the proposed support strategy is activated by the voltage sag. 
Prior the voltage drop, the inverter was producing 550 W as shown in Fig 6(c). However, when the 
voltage support scheme was enabled, the current of the inverter increased as demonstrated in Fig. 6(b) 
to support the grid during the under-voltage event. It should be noted that the current provided during 
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Fig. 6: Experimental results for under-voltage 
event with the proposed support strategy (a) 
Grid voltage, (b) output current of storage, (c) 
active and reactive power of storage unit. 

Fig. 7: Experimental results for under-frequency 
event with the proposed support strategy (a) 
Grid voltage, (b) output current of storage, (c) 
active and reactive power of storage unit. 
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the voltage support is limited to the inverter rating in order to avoid overloading conditions. According 
to the proposed FRT scheme, during the voltage sag, the power injection of the inverter is changed to 
provide Q=1010 VAr and P=450 W which is in line with the optimal voltage support (as proposed in 
Fig. 2) considering the X/R ratio of the distribution line.  
The second case study examines the performance of the proposed scheme during under-frequency 
events. A frequency drop of 0.5 Hz is emulated through the AC source as shown in Fig 7(a). Initially, 
the storage unit was producing 200 W. The activation of the frequency support mode imposes additional 
active power to be produced according to (8) and (10) while the reactive power injection remains 
unaffected as shown in Fig. 7(c). This is also validated in Fig. 7(b), where the current increases until 
reaching their rating value during the under-frequency event in order to support the frequency stability 
of the grid. The last case study can be considered as a mixture of the first two studies. Both under-
frequency and under-voltage events are generated simultaneously through the programmable AC source 
as shown in Fig. 8(a) and Fig. 8(b). A voltage step change from 230 V to 161 V is generated and at the 
same time a frequency step change of 0.5 Hz is also created. The storage unit is producing 200 W prior 
the activation of the voltage-frequency support as shown in Fig. 8(d). The activation of the voltage 
support mode is enabled first due to the faster dynamics of the voltage sag. Hence, initially the reactive 
power is increased to support the grid voltage as demonstrated in Fig. 8(d). Then, the under-frequency 
detection signal is enabled few a milliseconds later due to the slower dynamics of the frequency and 
both active and reactive power are adjusted to 810 W and 340 Var respectively to support both events. 
The frequency support is more intense in this case since the frequency drop is more severe due to higher 
deviation of the frequency from the nominal value than the voltage deviation. The proposed support 
scheme illustrates that the storage inverter can share the support of frequency and voltage and provide 
a more appropriate support to the distribution grid considering the disturbance characteristics and the 
distribution line characteristics. Therefore, the capability of storage systems to provide both voltage and 
frequency support instantaneously have been demonstrated through experimental tests.  

 

(a)

(c) (d)

(b)

vabc [200 V/div]

iabc [2 A/div]

Δf [0.5 Hz/div]

P [250 W/div]

Q [250 W/div]

t [100 ms/div]t [50 ms/div]

t [50 ms/div] t [25 ms/div]

 

Fig. 8: Experimental results for both under-voltage and under-frequency events with the proposed 
support strategy. (a) Grid voltage, (b) grid frequency deviation, (c) output current of storage (d) active 
and reactive power of storage unit. 
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Conclusion 

The proposed support scheme enables the fair compensation between voltage and frequency provision 
for storage systems connected to distribution grids. The proposed solution utilizes the knowledge of the 
grid impedance for the development of a tailor-made solution for distribution grids. The support scheme 
is applied to a FESS, however it can be used in any type of storage systems. Simulation and experimental 
tests were carried out to validate the performance of the proposed voltage-frequency support scheme. 
The proposed strategy shows that a power electronics based energy storage system can dynamically 
support the grid voltage and frequency and it is capable to adjust its support based on the severity of 
voltage or frequency deviations. The results indicate that storage units can support voltage and frequency 
events at the same time, which can have a great impact on the stability of the distribution grid. 
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