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Abstract—The increasing integration of renewable energy
resources prompts a reevaluation of the controllability of power
generation within the electrical grid. In response, research
explores demand-side management options to increase flexibility
by enhancing control on the load side. The voltage-based load
management method enables control of the power consumption
from the utility side through power electronic-based interfaces,
such as the Solid State Transformers. The power is regulated by
adjusting the voltage magnitude using the correlation between
the load power and voltage, also known as load sensitivity to
voltage. This method requires accurate and updated values of the
load sensitivity. However, previous works have applied a constant
voltage sensitivity value, assumed to be known, without regard
to the time-varying load. This study presents an experimentally
validated power control of a household load induced by a change
in voltage amplitude, where the voltage set-point calculation is
based on the real-time evaluation and updated value of the load
sensitivity.

Index Terms—Load Sensitivity, Demand-Side Management,
Voltage Control, Solid-State Transformer.

I. INTRODUCTION

While the dynamics and control of power generation are
evolving, the concept of demand-side management offers
compensatory flexibility by directly influencing the power
consumption of the loads. In [1], [2], overviews of direct or
indirect approaches to load management are provided. The
latter suggests the customers shift or reduce their consumption
based on factors like market price, or incentives [3], [4].
However, the variation in power consumption depends highly
on the customers’ decisions which are not under control.
A direct load control, instead, provides power flexibility
through for instance interruptible/curtailment programs, or by
communicating directly with single appliances. These methods
face obvious obstacles in terms of customer acceptance and
dealing with the huge amount of data and communication [5]–
[8].

These concerns are overcome with the voltage-led power
control, where the load consumption is affected by a change
in voltage amplitude conducted by the utility side [9]–
[12]. It uses a similar concept as the established technology
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Conservative Voltage Reduction (CVR), which is widely
applied in substations in US [13]. Assuming that part of
the connected loads are sensitive to voltage, the total power
consumption will be impacted by the change in voltage
amplitude. The concept has been extended to a smaller
granularity using power-electronic devices, particularly, Solid
State Transformers (SST) [11], [14]. Although there is
currently no commercial product, several industrial projects
are investigating the feasibility and business case as the
technology is promising and will be integrated into the
distribution grid in the coming years. Acting as grid-forming
units, SST can dynamically modulate the voltage parameters,
namely amplitude and frequency, by means of a voltage
control loop [15]–[18]. The control of SST can be based
on load sensitivity, which describes the percentage of power
change resulting from a variation of 1% of voltage amplitude
change [19], [20]. The load sensitivity varies over time and
depends on the current state of the grid, which was usually
ignored in previous works [21]–[23]. To keep the voltage
sensitivity value updated, an online calculation can be applied
[24].

However, previous works did not validate experimentally
the load sensitivity calculation in realistic conditions, where
the calculation has been carried on in real-time. This
study explores the concept of voltage-led power control
using triggered online load sensitivity calculation. The work
demonstrates this control in a Power Hardware-In-the-Loop
(PHIL) environment with real-time calculation of the load
sensitivity [25]–[27].

The rest of the paper is structured as follows. In Section
II, the load sensitivity is defined, and the calculation method
is explained. Section III focuses on the PHIL experimental
implementation and results. Finally, conclusions are drawn in
Section IV.

II. VOLTAGE SENSITIVITY AND CALCULATION METHOD

This section aims to mathematically define the load
sensitivity to voltage and introduce its calculation method.



Fig. 1: Concept of voltage-based power control for demand-
side management, using load sensitivity.

A. Definitions

Equations (1) and (2) define the load active (resp. reactive)
power sensitivity to voltage amplitude change:

Kpv =
∆P/P0

∆V/V0
(1)

Kqv =
∆Q/Q0

∆V/V0
(2)

where Kpv and Kqv are the load sensitivity to voltage, V is
the voltage amplitude, P (resp. Q) is the active (resp. reactive)
power, V0 is the rated voltage, and P0 (resp. Q0) is the rated
active (resp. reactive) power.

Equations (1) and (2) can be seen as linearizations of the
exponential load model, expressed in equations (3) and (4).

P = P0 · (
V

V0
)Kpv (3)

Q = Q0 · (
V

V0
)Kqv (4)

where the exponent Kpv (resp. Kqv) is exactly the load
sensitivity to voltage.

In practice, the load sensitivity calculation is based on a
simultaneous variation in voltage amplitude and power, where
at least two values of the power (resp. voltage) are measured
and injected in (1) [19]. This leads to the following load
sensitivity calculation:

Kpv =
(P2 − P1)/P1

(V2 − V1)/V1
(5)

with (V1,P1) the measurements of voltage and power at t = t1,
and (V2,P2) the measurements at t = t2, where t2 = t1+ts and
ts is the time step between two measurements. The relation is
obviously also valid for reactive power.

B. Perturbation-Based Load Sensitivity Identification

The load sensitivity calculation, as stated in subsection II-A,
requires voltage and power measurements of a simultaneous
change in voltage amplitude and power of the connected load.
This can be caused by natural fluctuations of the voltage
amplitude or artificially generated voltage variations, that are
fully controlled. As stressed in Fig. 1, this work is based on
the assumption that loads are interfaced to the grid with a
power electronic converter, acting as a grid-forming converter
for the low-voltage side. Therefore, the voltage is controlled
and a short (∼ 1 s) perturbation in the voltage amplitude can
be applied. During this created perturbation, the calculation of
the load sensitivity, defined in (5), can be implemented.

Fig. 1 shows the use of a perturbation for load sensitivity
calculation in the voltage-based power control process. [24]
shows the accuracy of the calculation, injecting measurements
of a controlled perturbation in (5) for the calculation of the
load sensitivity.

C. Voltage-based Power Control

Fig. 2: Overview of voltage-based power control by means of
SST, using online calculated load sensitivity.

To keep the power balance in the grid, we assume that a
power variation ∆P ∗ is required. ∆P ∗ is for example the
difference between the generated power Pgen and the actual
power consumption Pload. The voltage-based power control
aims to apply the appropriate voltage drop ∆V ∗, leading to
the requested power drop. The fitting voltage drop can easily
be calculated with the knowledge of the actual load sensitivity
[15].

Indeed, based on the load sensitivity definition of (1), the
voltage variation which should be applied to compensate the
excess of consumed power is simply:

∆V ∗ =
V0

Kpv · P0
·∆P ∗ (6)

where Kpv is the calculated load sensitivity to voltage, ∆P ∗

is the power variation request, ∆V ∗ is the voltage variation
set-point to be applied to the SST, with ∆V ∗ = V ∗ − V0,
∆P ∗ = P ∗−P0, and V0 and P0 are the normalization points,
namely, the measurement state before the perturbation used
for the load sensitivity calculation.



The use of load sensitivity calculation for voltage-based
power control by means of SST is summarized in Fig. 2.

III. EXPERIMENTAL VALIDATION OF VOLTAGE-BASED
POWER CONTROL

This section details the Power Hardware-In-the-Loop
(PHIL) setup used for the voltage-based power control, where
a microwave oven is used as a showcase.

A. Control Implementation

This section focuses on the implementation of the voltage-
based power control introduced in subsection II-C.

1) Experimental setup: A real-time control unit generates
the voltage set-point, which is subsequently sent to the power
amplifier. The power supplied by the amplifier energizes the
load, in this case, a microwave, as shown in Fig. 3. To monitor
and regulate this process, voltage and current sensors are
connected to the system, where measurements are received
by the analog inputs of the real-time simulator. Exploiting
the acquired measurements, the control unit calculates the
voltage amplitude and powers (active and reactive). The load
sensitivity is determined in real-time based on the voltage
amplitude and power metrics. The voltage control based on the
load sensitivity is then implemented in the real-time control
unit.

Fig. 3: (a) Experimental setup for the voltage-based power
control, using a microwave as a showcase. (b) Schematic
representation of the setup.

2) Load sensitivity calculation: Fig. 4 displays the scenario
used for the experiment. The first graph shows the power
reference P ∗/P0, while the second graph highlights the time

windows when the perturbations used for load sensitivity
calculation are triggered.

The perturbations in voltage amplitude (VRMS), triggered
at t = 20 s and at t = 120 s, are sinusoidal waves having the
amplitude of 1% of V0. Each perturbation lasts 1.5 periods
of the 0.8Hz sinusoidal wave. During the perturbations, the
load sensitivity is calculated based on voltage and power
measurements. The load sensitivity is calculated during the
entire perturbation window, but for accuracy purposes, only
the load sensitivity values of one full perturbation period
(center of the 1.5-period sinus perturbation) are considered.
By doing so, the impact of the inefficiency of the Hampel
filter at the start and the end of the data set is reduced. After
filtering the load sensitivity values and selecting the proper
time window, the average is calculated, delivering the actual
load sensitivity value. This final load sensitivity is updated
after each perturbation event and used for the control.

Furthermore, the rated voltage V0 and rated power P0 are
required for the control. The voltage amplitude and power are
continuously averaged over a 3-second time window. As soon
as a new perturbation is triggered, these 3-second average of
voltage and power are assigned to V0 and P0 for an update.
The array {V0 ;P0 ;Kpv} is kept constant until the next update
and is used for the following voltage control.

Fig. 4: Experimental scenario showing the power request
P ∗/P0 (where a control is requested when P ∗ ̸= P0), and
the perturbation trigger.

3) Voltage control: The voltage control relies not only on
the actual load sensitivity but also on the array {V0;P0;Kpv}.
(6) depicts the voltage control as a simple proportional control,
where the voltage set-point calculation V ∗ can be expressed
as follows:

V ∗ = V0 · (1−
1

Kpv
· (1− P ∗

P0
)) (7)

where Kpv is the calculated load sensitivity to voltage, P ∗/P0

is the power variation request, V ∗ is the voltage set-point to be
applied, and V0 and P0 are the normalization points, namely,
the measurement state before the perturbation.

To stay in the electrical grid norms and not damage the
connected load, upper and lower thresholds are set for the



voltage drop:
∆Vmax = ±5% · Vnom (8)

with the nominal voltage Vnom = 230V.
This threshold is for example reached when the load

sensitivity Kpv regarding the rated power P0 does not allow
to reach the desired power P ∗ for a voltage drop within ±5%.

B. Results

The outcomes of the voltage-based control, as outlined in
the previous section, are visualized in Fig. 5. The voltage
amplitude and the power of the load have been recorded,
and the related updated load sensitivity Kpv is plotted in
the third graph. The experiment, including the load sensitivity
calculation, has been repeated eleven independent times. The
grey area highlights the variability of the load across these
tests. The red curves depict the average values derived from
this set of experiments.

Fig. 5: Voltage-based control of the power of a microwave.

1) Load sensitivity update: Following the scenario of
Fig. 4, the load sensitivity is calculated during the voltage
amplitude perturbations occurring at t1 = 20 s and t3 = 120 s,
and is updated with the mean of the calculation set. On
average, considering the eleven measurements, the sensitivity
of the microwave power to voltage was equal to Kpv = 1.06
after the first update and Kpv = 1.07 after the second update.

2) Voltage Control at t2 = 50 s: At t2, voltage control
is required to respond to the request of a 2% decrease in
power. For this first control, on average the following array
{V0 = 230V ;P0 = 1235W ;Kpv = 1.06} has been recorded.
As a consequence, the voltage set-point to be applied is V ∗ =
225.6V in average, which corresponds to ∆V/V0 = 1.91%.

The initial objective was to achieve a reduction of 2% in
power, with respect to the rated power P0. However, actual
loads often exhibit variable power, rendering the previously
considered array potentially invalid for control purposes at a
later time. In this case, the control is applied 30 s after the array

calculation. The real power drop (expressed in percentage)
between the power levels before and after the applied voltage
reduction is visualized in Fig. 6. Both power level values are
1 second-average of the measured power before and after the
drop. The first graph shows the real power drop for each
independent eleven measurements in green, where the mean
drop is highlighted in red. The dashed red line represents the
target drop of 2%.

The drop deviation from the reference Er is represented
in the second graph. Er depicts the difference between the
target power P ∗ and the actual power Pactual based on the
real power drop:

Er =
Pactual − P ∗

P ∗ (9)

where P ∗ = ∆P ∗ ·P0 and Pactual = ∆P ·P0, and ∆P is the
real measured power drop.

From Fig. 6 it is observable that the disparity between the
anticipated power reduction of 2% and the observed drop is
small, with an average error Er = 0.18% (red marker).

Fig. 6: Error of the voltage-based power control.

3) Voltage Control at t4 = 150 s: For this second
control, 10% of power drop is requested. The second array
calculation occuring at t3 gives the following results: {V0 =
229.8V ;P0 = 1240W ;Kpv = 1.07}. With this combination,
∆V ∗ should reach 9.4%, which is much more than the limit
of 5%. Thus, the maximum voltage drop ∆Vmax is applied,
leading to a power drop of ∆P/P0 = ∆V/V0 ·Kpv = 5.4%.
This power reduction is well noticeable in Fig. 5, where at t4
the power fall from P0 = 1240W to P−5.4% = 1178W±Er.

4) Summary: This section has demonstrated the
effectiveness of a straightforward voltage-based power
control, employing load sensitivity. In this showcase, a
microwave was connected to the controllable voltage supply.

The scope of this work can be broadened to more complex
control scenarios, wherein the objective extends beyond
merely reducing power but also includes the management of
the absolute power value. Incorporating a set of loads would
also better represent the real environment of an SST, where



the load sensitivity will be updated depending on the system’s
behavior.

IV. CONCLUSION

In this work, the control of the power of a load was induced
by a change in voltage amplitude, where the voltage set-
point calculation was based on a real-time evaluation of the
load sensitivity. The effectiveness of the voltage-based power
control was demonstrated in a PHIL environment, showcasing
the precise power consumption reduction of a typical load.
This reduction was aligned to predefined requirements with
an average error of less than 0.2%.

In an electrical grid with integrated actuators like a solid-
state transformer, this voltage-based power control increases
the flexibility by providing ancillary services like peak
shaving without disconnecting the loads, or control reserve
by minimizing the use of the load following power plants.
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