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Abstract: Micro-hydro power plants (µHPPs) are a major energy source in grid-isolated zones
because they do not require reservoirs and dams to be built. µHPPs operate in a standalone mode,
but a continuously varying load generates voltage unbalances and frequency fluctuations which
can cause long-term damage to plant components. One method of frequency regulation is the
use of alternating current-alternating current (AC-AC) converters as an electronic load controller
(ELC). The disadvantage of AC-AC converters is reactive power consumption with the associated
decrease in both the power factor and the capacity of the alternator to deliver current. To avoid
this disadvantage, we proposed two rectifier topologies combined with symmetrical switching.
However, the performance of the frequency regulation loop with each topology remains unknown.
Therefore, the objective of this work was to evaluate the performance of the frequency regulation
loop when each topology, with a symmetrical switching form, was inserted. A MATLAB® model was
implemented to simulate the frequency loop. The results from a µHPP case study in a small Cuban
rural community called ‘Los Gallegos’ showed that the performance of the frequency regulation loop
using the proposed topologies satisfied the standard frequency regulation and increased both the
power factor and current delivery capabilities of the alternator.

Keywords: dump load; electronic load controller; frequency regulation; symmetrical switching

1. Introduction

Over 170 small-scale hydro power plants (HPPs) supply 1% of electrical power in
Cuba, mainly in the Oriental Province of the island which operates as an autonomous
system, isolated from the main electrical grid. According to the International Hydropower
Association, the Cuban government has aspirations to significantly increase its share of
renewables over the next two decades, aiming to generate some 24% of the country’s
electricity by 2030. With no major rivers or large bodies of inland water, Cuba’s devel-
opment of hydropower will remain focused on small projects. The technical potential of
small hydro power is estimated at 135 MW. Thus, the government has drawn up plans to
develop 74 HPPs with a capacity of over 56 MW (274 GWh). This would nearly double the
country’s current hydropower capacity, generating an estimated 274 GWh of renewable
energy annually and offsetting up to 230,000 tonnes of CO2 emissions [1].

In this context, the micro hydro power plants (µHPPs) play a very important role.
There are hydro power plants delivering power from 5 kW up to 100 kW [2–4]. In Cuba,
117 µHPPs support the electrification of off-grid rural areas and operate in autonomous
regimens [5]. This means that each µHPP having only one alternator must supply energy
to a small grid of consumer without electrical connection to another electrical source. For
that reason, they are called standalone µHPP. These µHPPs are run-of-river plants such as
described in [2,6] and they have the advantage that they do not require big volumetric water
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flows and produce less harmful environmental impact compared with diesel generators,
for example.

For a standalone µHPP, it is very important to keep the balance between the power
production by the alternator and the power consumption by the user at all time, because
if this balance is not kept, the frequency fluctuates. Frequency fluctuations can cause
mechanical vibrations, overheating, and long-term damage to electrical devices [7]. For
that reason, in standalone µHPPs is obligatory to implement some technique to regulate
frequency. There are two ways to accomplish it using either control flow by employing
mechanical hydraulic governors or by using electrical control [8].

Mechanical hydraulic governors are not usually considered in these projects because
they have a slower dynamic response, high maintenance, high economic cost and due to the
water hammer phenomena when the water flow in the turbine needs to be reduced abruptly.
Therefore, alternative methods of electrical frequency regulation must be implemented in
order to achieve high reliability at these plants [8,9].

Most of these methods use power electronics converters [10,11] but these introduce
harmonics and increase switching losses in the system. To reduce the losses, some switch-
ing techniques are used such as soft switching techniques, zero voltage switching (ZVS) or
zero current switching (ZCS). In [12], the authors propose the use of a ZVS–PWM active
clamp/reset forward converter to reduce switching power losses with the use of a constant
frequency and PWM operation. In [13], the authors propose a control algorithm based on
frequency bus-signaling of the energy storage system and uses only local measurements
for power distribution among microgrid elements. There are other more complex algo-
rithms such as that presented in [14], which is a meta-heuristic algorithm, namely ant
lion optimizer (ALO), and was used to solve the load frequency control problem under
load disturbances. The performance of ALO was evaluated using three case studies of
multiarea power systems. However, these methods are usually used in large grids with
multiple suppliers and consumers. In those cases, the control system of the energy system
architecture requires a control hierarchy that includes primary, secondary and tertiary
controls [15].

In standalone µHPPs, only primary control is needed and the most common method
is the use of a dummy or ballast load to shed the excess energy that is not being con-
sumed [8,16]. Thus, the active power supplied by the alternator (PG) must equal the
dissipated power by the ballast load (PL) and the active power consumed by users (PU):
PG = PL + PU. As shown in Figure 1 electronic controllers with resistive loads that can
mediate this balance are known as electronic load controllers (ELCs).

Figure 1. Electronic load controller (ELC) for frequency regulation.

The advantages of the ELC are the incorporation of simpler and cheaper turbine with
less moving part in the micro-hydro architecture; the absence of hammer effect from load
changes; less robust penstock and also less wear on the hydro power plant’s mechanical
parts; it has high reliability, low maintenance and simple operation principle; it can be
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installed anywhere in the electrical system; and the ballast load can be used as a heater for
water or households, resulting in 100% load factor of the µHPP [8,17,18].

The authors of the papers [8,18,19] agree that, for a micro-hydro system supplying
rural load for which cost-effectiveness is the major factor, ELC is the best way of regulating
the frequency. ELC can be made using different methods, systems or approaches. The
selection of ELCs depends on the capacity of the power plant.

Existing types of ELC use three sets of dummy loads and three sets of power electronic
switch for controlling the power of each phase. In [20], the authors present a method
for controlling power consumed from each phase by using a single dummy load and a
single power electronic switch, which reduces the component count and the associated
costs. In [21], in order to regulate the µHPP frequency, an ELC control strategy with a
self-tuning fuzzy PI controller is proposed in which the controller gains are adjusted in
real-time using a fuzzy logic inference system. In [9], a similar design of fuzzy logic-based
controller is presented.

In [22], a PWM-based alternating current–direct current–alternating current (AC-DC-
AC) converter implemented for a three-phase self-excited induction generator (SEIG)-based
micro hydro power generation is presented. In [23] two units of three phase capacitor-
excited asynchronous generators (CAGs) operating in parallel are used. The µHPP utilizes
PWM-based AC-DC-AC converter to provide constant frequency and voltage. In [24]
the authors use thyristors to maintain a constant load at the generator using a dummy
load controlled. The control unit checks the line frequency and, according to it, generates
specific pulses of required firing angle. The pulses are then passed to control the gate of the
thyristor to which the dummy load is connected. The proposed control unit is designed
and then integrated between the generator and load to monitor the line frequency and
compare it with the standard imposed by the energy market in Pakistan. According to
the author, the cost of the proposed ELC is much lower as compared to those available in
the market but the paper does not include the cost of the solution. A similar method is
used in [16]. In this case, an ELC for synchronous generator of micro hydro power plant of
rating 60 kW is used. The authors propose a controlled bridge rectifier and insulated-gate
bipolar transistor (IGBT) chopper feeding a resistive dump load.

In [19], the design and implementation of an ELC is presented as an alternative to
a speed governor required for regulating the frequency of supply under varying load
conditions. This is the single most expensive component in a µHPP and most of the
community owned plants in Africa can hardly afford it. Magnetostrictive amorphous wire
(MAW) is used as a frequency sensor. They use a Proportional-Integral (PI) to control the
frequency. According to the authors, the controller is able to respond in 1.5 s to stabilize
the frequency between 49.5 and 50.5 Hz when there is a change in consumer load. The
designed controller costs $229.25, which is cheaper when compared to other ELCs and
speed governors that are currently on the market. In [17], a distributed electronic load
controller (DELC) installed in each household is proposed instead of a single dump-load at
the generating site. This decreases system vulnerability to component failures while also
diverting surplus power into household heaters to pasteurize water or slow-cook food.
This can be particularly suitable for Nepal’s mountainous terrain and remote communities.

Because of the high cost of other alternatives, AC-AC converters are used as the ELC
to vary the power dissipated in dump loads in Cuba. The major disadvantage of AC-AC
converters is their inherent reactive power consumption, which aggravates the power
factor at the alternator output terminals and hence decreases its capacity to deliver current.

Therefore, three-phase and single-phase rectifier topologies combined with symmetri-
cal switching were proposed as an alternative [5] because they are able to avoid reactive
power consumption (Figure 2). For both rectifier topologies, R represents the dump load
and IS is an IGBT. The cost of these topologies depends on the number and the cost of the
main power devices. Table 1 shows a comparative of the cost of the three topologies.
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Figure 2. Topologies with symmetrical switching; (a) a three-phase rectifier; and (b) single-phase rec-
tifier.

Table 1. Cost of the topologies for ELC using the data of the Los Gallegos case of study.

Topology Device Quantity Unit Price (€) Total Cost (€) 1

AC-AC Converter
Thyristor SKT 55/04 D 6 25.65 153.90

R 4 kW 3 9.65 28.95
Total 182.85

Three-phase rectifier
with symmetrical

switching

Rectifier SQL40A 1 10.27 10,27
IGBT SKM400GAL12 1 44.25 44.25

R 12kW 1 11.50 11.50
Total 66.02

Single phase rectifier
with symmetrical

switching

Rectifier FB5006 3 1.82 5.46
IGBT SKM400GAL12 3 44.25 132.75

R 4 kW 3 9.65 28.95
Total 167.16

1 For this cost, the monetary change by the BCC on 31 October, 2020 was use (1 € = 1.13 USD).

In Figure 3 the line current waveforms for the AC-AC converter are plotted, ILACAC,
and the single-phase rectifier switched with symmetrical switching, ILBD1, to show the
differences in the current line due to different switching form. However, the effect of
the proposed rectifiers and symmetrical switching control on the frequency regulation
loop performance and improvement of the power factor have not yet been analyzed in
the literature.

Figure 3. Phase current (blue: alternating current–alternating current (AC-AC) converter; red:
rectifier and symmetrical switching).

Thus, the main goal of this present paper was to evaluate the frequency regulation loop
and power factor performance of a µHPP when a three-phase rectifier and single-phase
rectifier, both with symmetrical switching, were used for frequency regulation. In Section 2,
we present the functional diagram of the µHPP and describe the mathematical model of
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the µHPP components. In addition, we also demonstrate the mathematical models in
deviation variable of the alternator mechanical part and the proposed rectifier topologies.
In Section 3, we present the scheme (implemented in MATLAB/Simulink®) we propose
using it to simulate the frequency regulation loop and to obtain some variables such as the
root mean square (RMS) current, power factor, and active, reactive, and apparent power. In
Section 4, we evaluate the performance of the frequency regulation loop when the proposed
topologies used as the ELC were employed. In addition, we compared these topologies
with the AC-AC ELC converter currently used in Cuban µHPPs. Finally, our conclusions
are presented in Section 5.

2. Modeling the Frequency Regulation Loop

The functional diagram of frequency regulation using ELC for a standalone µHPP is
shown in Figure 4.

Figure 4. Functional diagram of a micro-hydro power plant.

2.1. Hydraulic Turbine

The motive power developed by the turbine (Pm) is given by [2,18,25]:

Pm = ηtρgQV Hn, (1)

where ηt is the turbine efficiency, which is dimensionless, ρ is the water density in kg/m3,
g is the acceleration due to gravity in m/s2, QV is the water flow rate in m3/s, and Hn is
the net head in m.

2.2. Alternator Mechanical Part

Some articles employ a model of the alternator mechanical part that considers the
damping produced by the alternator bar damper when the rotor speed is different to the
synchronous speed [26,27]. However, this is incorrect for alternators that operate without a
connection with other voltage sources, as is the case of standalone µHPPs.

Newton’s law applied to the turbine alternator system is:

JT
d
dt

wrm = TM − TG − TF, (2)

where JT is the total inertia of the turbine alternator in kg m2, TM is the turbine motive
torque on the alternator shaft in N·m, TG is the alternator electrical torque in N·m, TF is
the total torque due to turbine and alternator windage friction exerted upon the alternator
shaft in N·m, and wrm is the alternator rotor speed in mechanical rad/s.

The magnitude TF is defined as: TF = KF·wrm, where KF is the friction coefficient in
N·m·s/rad.

Multiplying (2) by wrm we obtain:

JTwrm
d
dt

wrm = PM − PG − KFw2
rm, (3)
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where the PM turbine motive power is in W and the PG electrical power is delivered by the
alternator in W.

Equation (3) is non-linear and so, as the alternator operates at speeds near the mechan-
ical synchronous speed, wrmo, the following deviation variables around the operation point
(OP) are defined:

wrm = wrmo + ∆wrm
PM = PMo + ∆PM
PG = PGo + ∆PG

, (4)

where the subscript o indicates values corresponding to the OP.
By substituting (4) in (3), recognizing that at the OP

0 = PMo − PGo − KFw2
rmo,

and ignoring second-order terms, the following expression is obtained:

JTwrmo
d
dt

∆wrm + 2KFwrmo∆wrm ≈ ∆PM − ∆PG (5)

As ∆PG = ∆PU + ∆PL, where ∆PU and ∆PL are the incremental user power consump-
tion and power dissipated by the dump load around the OP, respectively. Moreover,
recognizing that:

wrm =
4π f

P
and wrmo =

4π fo

P
,

where P is the alternator number of poles, f is the electrical frequency, and fo = 60 Hz, (5) is
transformed into:

JT

(
4π

P

)2
fo

d
dt

∆ f + 2
(

4π

P

)2
foKF∆ f = ∆PM − ∆PU − ∆PL (6)

Laplace transformation is used to obtain the transfer function (TF) of (6), thereby ob-
taining:

∆F(s) =

P2

2(4π)2 foKF
JT

2KF
s + 1

[∆PM(s)− ∆PU(s)− ∆PL(s)] (7)

Now, the two constants can be defined as follows:
KG = P2/{2(4π)2foKF} for the alternator gain in Hz/W and TG = JT/(2KF) as the mechan-

ical time constant in s.

2.3. User Load

The load models are classified into two broad categories, static models and dynamic
models [28]. In this work, a physical model block implemented in MATLAB/Simulink®

was used to simulate the different user or consumer conditions.

2.4. Mathematical Model of the Converter Topologies Being Studied

In this topic the modelling method used in [29] is applied to obtain the TF for the
different converters.

The mathematical expression that relates the power at the input of the rectifier (PL)
with the voltage (M) that the regulator sends to the control unit (CU) is:

PL(t) = KC·u(t− TC)M(t), (8)

where Tc is the mean value of the time delay from when the M signal change until the
input power of the rectifier responds, and u( ) is the step function. The parameter Kc is
determined as Kc = Pmax/Mmax, which will be demonstrated later. It represents the gain
of the converter where Pmax is the maximum power consumed by the converter and Mmax
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is the maximum value of the CU input. Notice that for rectifier of Figure 2b, PL, is the total
power, because there is one rectifier for each phase.

Because Equation (7) relates the incremental power dissipated by the dump load, ∆PL,
with the incremental frequency, ∆F, around the OP, it is necessary to transform Equation (8)
using the deviation variable. Around the OP:

PL(t) = PLo + ∆PL and M(t) = Mo + ∆M (9)

where PLo y Mo are respectively the power dissipated by the dump load and the signal sent
by the controller to the CU of the converter, at the OP.

By substituting (9) in (8) and recognizing that at the OP,

PLo = KC·u(t− TC)Mo

The following expression is obtained:

∆PL(t) = KC·u(t− TC)∆M(t), (10)

Thus, applying the Laplace transformation to (10), the following expression is obtained:

∆PL(s) = KCe−TCs∆M(s) (11)

Then, using the Pade approximation, the TF is given by:

∆PL(s) =
KC

TCs + 1
∆M(s) (12)

Thus, for three-phase systems, Tc is approximately equal to 0.001 s [29]. Applying the
same logic, the TF for the set of three single-phase AC-AC converters, one for each phase,
is given by (12). This equation has the same structure given in [30].

Now it will be demonstrated that Kc = Pmax/Mmax.
The parameter Kc relates the change in the power consumed by the converter or

dissipated by the dump load, PL, with the change of the signal M applied to the CU. As
PL is function of the switching angle α [5] and, at the same time, α is function of M, this
parameter is given as:

KC =
dPL
dα
· dα

dM
(13)

For the AC-AC converters, the variation range for α is from 0 to π, so the CU has the
following lineal relation:

α = π − M
Mmax

·π (14)

Note that, when the signal M is zero, the firing angle is equal to π and for Mmax, α
is zero.

Taking the derivative of (14) with respect to M,

dα

dM
= − π

Mmax
(15)

which is a constant value.
For the set of three AC-AC converters, the expression of PL, given in [5], is:

PL = Pmax

{
π − α +

sin(2α)

2

}
(16)

By taking the derivative of PL respect to α, the next equation is obtained

dPL
dα

= −Pmax

π
+

Pmax

π
cos(2α) (17)
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Multiplying (15) by (17), the parameter Kc is obtained as:

KC(α) =
Pmax

π
{1 + cos(2α)} (18)

Equation (18) shows that the parameter Kc depends of the α value. To eliminate this
dependence, the mean value of Kc for different values of α is taken. This corresponds to
linearizing the curve Kc around different values of α. Proceeding in this way for the α
values π/6, π/2 and 5π/6, the following expression is obtained:

KC =
Pmax

2Mmax
+ 2Pmax

Mmax
+ Pmax

2Mmax

3
=

Pmax

Mmax
(19)

A similar logic is applied to get Kc for the set of three single-phase rectifiers with
symmetrical switching.

It is known from [5] that α is within the interval 0 ≤ α ≤ π/2, hence its CU relates α
with M by the following equation:

α =
π

2
− M

Mmax
·π

2
(20)

Note that, when the signal M is zero, the switching angle is equal to π/2 and when is
Mmax, α is zero.

By taking the derivative of (20) with respect to M, the following relationship is ob-
tained:

dα

dM
= − π

2Mmax
(21)

which is a constant value.
For the set of three single-phase rectifiers, PL is [5]:

PL =
Pmax

π
{π − 2α + sin(2α)} (22)

By taking the derivative of (22) with respect to α, the next equation is obtained

dPL
dα

= −2Pmax

π
+

2Pmax

π
cos(2α) (23)

To determine the parameter Kc, the expressions (21) and (23) are multiplied, resulting

KC(α) =
Pmax

π
{1 + cos(2α)} (24)

As in the case of the AC-AC converters, the parameter Kc depends on α value. To
eliminate this dependence, the mean value of Kc for the following values of α, π/6, π/4
and π/3 is taken, obtaining:

KC =
Pmax

2Mmax
+ Pmax

Mmax
+ 3Pmax

2Mmax

3
=

Pmax

Mmax
(25)

In the case of the three-phase rectifiers with symmetrical switching, a simpler expres-
sion is obtained because PL vs. α is almost linear:

dPL
dα
≈ − Pmax

Mmax
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Moreover, it is known from [5] that α is within the interval 0 ≤ α ≤ π/6, hence its CU
is modeled by:

α =
π

6
− M

Mmax
·π

6
(26)

Note that, when the signal M is zero, the switching angle is equal to π/2 and when M
is Mmax, α is zero.

The result of taking the derivative of (26) with respect to M, gives a constant value.

dα

dM
= − π

6Mmax
(27)

Then the parameter Kc is constant as shown by (28)

KC =
Pmax

Mmax
(28)

Notice that the converters analyzed have the same equation of Kc given by (19), (25)
and (28). Therefore, different ELCs have the same TF without considering the topology of
converters and switching form. Another advantage is that for a specific application, the set
of parameters of the frequency regulator are not depending of the type of converter used
as ELC.

The value Kc is needed only for computing the frequency regulator parameter, because
each topology will be implemented using physical model blocks of MATLAB/Simulink®

shown in the next section.

3. Scheme Implemented in MATLAB/Simulink®

Figure 5 shows the model implemented in MATLAB/Simulink® to evaluate the effect
of the different topologies on the performance of the frequency regulation loop. Moreover,
its components can be configured to suit any µHPP.

The main blocks of the model shown in Figure 5 are:

• The hydraulic turbine (prime mover), defined by Equation (1). Its inputs are volumet-
ric water flow, the temperature and the position of the on/off valve. Its output is the
mechanical power delivered by the turbine.

• The regulating frequency loop which is designed in deviation variable. It is built using
the following blocks: Constant Set Point, whose value is cero to fix zero deviation
around of the nominal frequency; Gcf(s), which represents the proportional integral
(PI) frequency regulator with proportional gain Kprf and integral gain Kirf parameters;
Alternator Mechanical Part Model, which represents the alternator mechanical model
and whose mathematical expression is (7) relating ∆PM, ∆PU and ∆PL with ∆F; and
Krf that represent the gain of the frequency measurement device. The blocks From
and Goto allow the signal interchange between different blocks of this scheme.

• The three-phase programmable voltage source, which represents the electric part of
the alternator. It is used to feed both the user load and the converter.

• The user load, which represents the user’s load where are implemented different user
consumption conditions employing the three-phase series load as physical component
model.

• The converters, which is implemented using one of the topologies of converter as
physical component model in order to simulate the converter under analysis. Its
inputs are each one of the three phases, the Enable signal and the signal control sent
by Gcf(s).
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Figure 5. Scheme implemented in MATLAB/Simulink®.
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For frequency regulation, the PI regulator parameters were adjusted by applying the
pole assignment method according to Cuban standard (NC62-04) requirements. These
establish the maximum steady state error (ESS) as 1% of the rated frequency, while the
maximum overshoot (MP) must not exceed ±1 Hz and the settling time must be less
than 5 s. Those requirements were fulfilled by choosing a damping ratio (ξ) of 0.707
and an undamped natural frequency (wn) of 10 rad/s. Thus, the following constants
were obtained:

Kpr f =
2ξwnTG − 1

KCKGKr f
= 11.79 and Kir f =

w2
nTG

KCKGKr f
= 83.35 s−1,

where KC = 12000/5 = 2400 W/V, because Pmax was 12.0 kW and Mmax was 5 V, KG = 0.3 Hz/W,
TG = 600.1 s and,

Kr f =
Ur f max −Ur f min

Fmax − Fmin
=

10 V − 0 V
65 Hz− 55 Hz

= 1 V/Hz.

4. Evaluation of the Frequency Regulation Loop

To evaluate the effect of rectifier topologies with symmetrical switching in the fre-
quency regulation loop, the ‘Los Gallegos’ µHPP was used as a case study. Thus, we
compared the proposed rectifier and symmetrical switching to the current AC-AC con-
verter scheme.

The µHPP ‘Los Gallegos’ is a standalone µHPP having only the primary frequency
regulation loop by ELC and its main system component parameters were:

• Rated power of the hydraulic turbine: 12.0 kW.
• Alternator voltage and frequency: 110 V RMS, 60 Hz.
• Rated speed: 1200 rpm.
• Number of poles: 6.
• Coefficient of friction by windage: 0.0063 N·m·s/rad.
• Turbine and alternator moment of inertia: 7.60 kg·m2.

The frequency transducer operates with an input range from 55 to 65 Hz, giving an
output range from 0 to 10 V. The minimum and maximum power consumed by users was
3.0 kW and 12.0 kW, respectively. The average value of sustained load power was about
3.0 kW, and the maximum value of sustained power consumption was 4 kW.

To simulate actual operation at the Los Gallegos µHPP, stepwise changes in consumer
loads were introduced, as follows: at t = 3.0 s, the power was reduced by 3.0 kW and
2.5 kvar; at t = 5.0 s, the power was reduced by 3.0 kW and 3.0 kvar; and at t = 6.5 s, the
consumption was increased by 4.0 kW and 3.5 kvar. This sequence emulates the typical
variation in user consumption and helped us to assess the effects of the different ELCs on
the frequency regulation performance.

4.1. Test Results with AC-AC Converters As Electronic Load Controllers

Figure 6 shows the changes in the instantaneous frequency when AC-AC converters
were used as ELCs.

When the changes were introduced, as shown in Figure 6, the maximum deviation of
the frequency from its rated value was less than 0.1 Hz and the steady state error was zero.
The signal plotted shows that the settling time was less than 5 s, while the maximum error
was 0.075 Hz, which corresponds to 7.5% of the MP allowed by the Cuban standard.
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Figure 6. Frequency signal of the regulation loop with an AC-AC converter.

The graphs in Figure 6 show that the requirements of the NC62-04 were met with the
adjustment made to the regulator, while Figure 7 shows the behavior of the indices over
time; the active power PGen, PAC-AC, and PU; the reactive power QGen, QAC-AC, and QU,
and power factor fpGen, fpAC-AC, and fpU were measured at the alternator output terminals,
input terminals of the three AC-AC converters, and for the user load, respectively.

Figure 7a shows that, at the steady state corresponding to the time from t = 3.0 s to
t = 5.0 s, PAC-AC = 3 kW, compensating the decrement of PU, that it is accomplished for
α = 1.99 rad for which the signal sent by the frequency regulator M is 1.84 V, obtained from
(14). For the steady state corresponding to the time from t = 5.0 s to t = 6.5 s, PAC-AC = 6 kW,
to compensate the next reduction of PU, that is accomplished for α = 1.57 rad with the
signal sent by the frequency regulator M = 2.50 V obtained from (14). Finally, after of the
transient corresponding on the interval from t = 6.5 s to t = 8.0 s PAC-AC = 2 kW because
PU = 10 kW. The power consumed by the set of three AC-AC converters must be 2 kW,
the α must be 2.16 rad and, from (14), a value of M = 1.57 V is obtained. The previous
discussion proves that the PGen is always equal to PAC-AC plus PU. The sum was 12 kW at a
steady state, which demonstrates that both the AC-AC converters used as the ELC and the
designed regulator achieved the frequency regulation.

Figure 7b shows that the alternator had to supply a reactive power, QGen, greater
than QU, because of QAC-AC. This verifies that, although the frequency was regulated with
AC-AC converters, their reactive power consumption affected the alternator.
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Figure 7. Graphics for (a) active power; (b) reactive power; and (c) the power factor with the
AC-AC converter.
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4.2. Test Results with the Three-Phase Rectifier with Symmetrical Switching as Electronic
Load Controllers

Figure 8 shows the changes in the instantaneous frequency when a three-phase rectifier
with symmetrical switching was used as the ELC. When power steps were introduced,
the maximum deviation of the frequency from its rated value was less than 0.1 Hz and
the steady state error was zero; the settling time was less than 5 s. In this case, the
maximum error was 0.095 Hz, which corresponded to 9.5% of the MP allowed by the
Cuban standard. Thus, the graph shows that the requirements of NC62-04 were also met
with these regulator adjustments.

Figure 8. Frequency signal of the regulation loop with the three-phase rectifier.

Figure 9 shows the time behavior of active power PGen, PRect3, and PU, reactive power
QGen, QRect3, and QU and the power factor fpGen, fpRect3, and fpU measured at the alternator
output terminals, input terminals of the three-phase rectifier, and the user load, respectively.

Figure 9a shows that, at the steady state corresponding to the time from t = 3.0 s to
t = 5.0 s, PRect3 = 3 kW, compensating the decrement of PU, that it is accomplished for
α = 0.40 rad for which the signal sent by the frequency regulator M is 1.15 V, obtained from
(26). For the steady state corresponding to the time from t = 5.0 s to t = 6.5 s, PRect3 = 6
kW, to compensate the next reduction of PU, that is accomplished for α = 0.28 rad with
the signal sent by the frequency regulator M = 2.33 V obtained from (26). Finally, after the
transient corresponding on the interval from t = 6.5 s to t = 8.0 s, PRect3 = 2 kW because
PU = 10 kW. The power consumed by the three-phase rectifier must be 2 kW, α must be
0.44 rad and from (26) M = 0.77 V is obtained. The previous discussion proves the PGen is
always equal to PRect3 plus PU. The sum was 12 kW at steady state, which demonstrates
that both the three-phase rectifier used as the ELC and the designed regulator achieved the
frequency regulation.

Figure 9b shows that the alternator had to supply a reactive power, QGen, equal to QU,
because QRect3 was zero. Thus, we verified that unlike the ELC with AC-AC converters
(Figure 7b), the frequency was regulated, and the reactive power delivered by the alternator
was reduced with a three-phase rectifier such as the ELC. Therefore, the power factor at the
alternator output terminals was improved with the three-phase rectifier with symmetrical
switching, as shown by comparing the power factor at the alternator output terminals, the
fpGen variable, in Figures 7c and 9c.
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Figure 9. Graphics for (a) active power; (b) reactive power; and (c) the power factor with three-phase
rectifier and symmetrical switching.



Energies 2021, 14, 3201 16 of 21

Figure 10 shows the RMS current of an alternator phase when the AC-AC converters,
IrmsGenAC-AC, or the three-phase rectifier, IrmsGenRect3, were used as ELCs. The figure shows
that IrmsGenRect3 was smaller than IrmsGenAC-AC, even at a maximum of 4 A. Thus, by
using the three-phase rectifier, the capacity of the alternator to deliver the current was
increased because of the increase in the power factor at the alternator output terminals
created by reducing the reactive consumption. As discussed above, using the three-phase
rectifier increased the power factor at the alternator output terminals and also increased
the capacity of the alternator in terms of the current it could deliver. These features all
represent improvements over the current AC-AC ELC.

Figure 10. Root mean square (RMS) current delivery by the alternator.

4.3. Test Results with the Set of Three Single-Phase Rectifiers with Symmetrical Switching as the
Electronic Load Controller

Figure 11 shows the changes in the instantaneous frequency when the set of three
single-phase rectifiers with symmetrical switching was used as the ELC.

Figure 11. Frequency signal of the regulation loop with three single-phase rectifiers.

When changes were introduced, as shown in Figure 11, the maximum deviation of the
frequency from its rated value was less than 0.1 Hz, the steady state error was zero, and
the settling time was less than 5 s. In this case, the maximum error was 0.068 Hz, which
corresponds to 6.8% of the MP allowed by the Cuban standard. These results mean that the
requirements of the NC62-04 were met with the adjustments we made to the regulator.

Figure 12 shows the time behavior of active power PGen, P3Rect1, and PU, reactive
power, QGen, Q3Rect1, and QU and the power factor fpGen, fp3Rect1, and fpU measured at the
alternator output terminals, input terminals of three single-phase rectifiers, and the user
load, respectively.
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Figure 12. Graphics for (a) active power; (b) reactive power; and (c) the power factor with single-
phase rectifiers and symmetrical switching.
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Figure 12a shows that, at the steady state corresponding to the time value from t = 3.0
s to t = 5.0 s, P3Rect1 = 3 kW, compensating the decrement of 3 kW of the PU, that it is
accomplished for α = 1.37 rad for which the signal sent by the frequency regulator M is 0.7
V, obtained from (20). For the steady state belonging to the interval time from t = 5.0 s to
t = 6.5 s, P3Rect1 = 6 kW, to compensate the next reduction of PU, that is accomplished for
α = 1.15 rad with the signal sent by the frequency regulator M = 1.33 V obtained of (20).
Finally, after the transient corresponding on the interval from t = 6.5 s to t = 8.0 s, P3Rect1 = 2
kW because PU = 10 kW. The power consumed by the set of three single-phase rectifiers
must be 2 kW, α must be 1.44 rad and from (20) M = 0.43 V is obtained. The discussion
proves that the PGen is always equal to P3Rect1 plus PU. The sum was 12 kW at steady state,
which demonstrates that both the set of three single-phase rectifiers used as the ELC and
the designed regulator achieved the frequency regulation.

Figure 12b shows that the alternator must supply a reactive power, QGen, equal to QU,
because Q3Rect1 was zero. It verifies that, unlike ELCs with AC-AC converters (Figure 7b),
by using single-phase rectifiers as the ELC, the frequency was regulated, and the reactive
power delivered by the alternator was reduced. Therefore, with the set of three single-phase
rectifiers with symmetrical switching, the power factor at the alternator terminals was
improved, as can be seen by comparing the power factor at the alternator output terminals,
the fpGen variable, in Figures 7c and 12c.

Figure 13 shows the RMS current of an alternator phase when AC-AC converters,
IrmsGenAC-AC, or single-phase rectifiers, IrmsGen3Rect1, were used as ELCs. This shows that
the IrmsGen3Rect1 was less than the IrmsGenAC-AC, even at a maximum of 4.5 A, indicating
that when the set of three single-phase rectifiers was used, the capacity of the alternator in
terms of current delivery was increased because of the increase in the power factor at the
alternator terminals because of a reduction in reactive consumption.

Figure 13. Effective current delivery by the alternator.

The graphics of frequency vs. time for each topology analyzed, Figures 6, 8 and 11,
show that, after every transient, the frequency regulation of f = 60 Hz is accomplished
despite of the change on the user power consumption, which means that the signal error,
∆f, at steady state is null.

Next, it will be proven that the PI regulator accomplishes that ∆f tends to zero for
disturbance produced by changing the user’s power consumption in step form. Changes in
step form are chosen to consider abrupt changes due to load connection or disconnection.



Energies 2021, 14, 3201 19 of 21

The closed loop transfer function (CLTF) of the frequency regulator system in deviation
variables shows in Figure 5 is given by:

∆F(s) =
−Kpr f ·s+Kir f

s Kc
KG

TGs+1

1 +
Kpr f ·s+Kir f

s Kc
KG

TGs+1 Kr f

∆Re f (s) +
KG

TGs+1

1 +
Kpr f ·s+Kir f

s Kc
KG

TGs+1 Kr f

(∆PM(s) + ∆PU(s)) (29)

where ∆Ref (s) is the constant set point equal to zero, for that the first term of the right
hand of (29) is null.

Here it is considered that the turbine delivers a constant power, hence ∆PM is zero.
Moreover, since Tc � TG only KC is taken into account as model of the converters, then
(29) turns into:

∆F(s) =

KG
TGs+1

1 +
Kpr f ·s+Kir f

s Kc
KG

TGs+1 Kr f

∆PU(s) (30)

Simplifying (30)

∆F(s) =
KG·s

TGs2 +
(

Kpr f KcKGKr f + 1
)

s + Kir f KcKGKr f

∆PU(s) (31)

Now, applying the final value theorem to find the value to which tends ∆f (t) before
changes ∆PU(s) in step of amplitude PUS:

lim
t→∞

∆ f (t) = lim
s→0

s· KG·s
TGs2 +

(
Kpr f KcKGKr f + 1

)
s + Kir f KcKGKr f

PUS
s

= 0 (32)

Equation (32) shows that for changes in step form in ∆PU, the ∆f tends to zero, which
implies that the frequency tends to 60 Hz (note that f = ∆f + 60).

The same result is obtained for changes in step form of the power delivered by the
turbine. This linear analysis demonstrates that the steady state error is null.

5. Conclusions

This present work shows that the use of three-phase and single-phase rectifiers with
symmetrical switching increases both the power factor at the alternator output terminals
and the capacity of the alternator to deliver current, thereby improving upon the AC-
AC regulated ELCs currently used in Cuba. Our results demonstrate that the rectifier
topologies and switching form we propose satisfied the frequency regulation requirements
imposed by the NC62-04 Cuban standard while also increasing the power factor at the
output terminal of the alternator and the current delivery capacity of the alternator. The
latter two factors, with the proposed rectifiers using symmetrical switching as the ELC, are
considered improvements to currently used ELCs with AC-AC regulators.
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