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ABSTRACT The penetration of renewable energy sources on a large scale in conventional electric networks
increases exponentially for environmental preservation. However, the increase in RESs leads to some
technical problems that include (a) fluctuations in power production, (b) less or no generation units for
power balancing, (c) reduced inertia due to RESs decoupling from the conventional grid using converters.
Micro-hydro power plants (MHPPs) are emerging as a mature balancing technology and a great alternative
to large hydropower plants as they encounter population displacement and many environmental problems.
Modern pump storage MHPPs uses a power converter between the grid and machine to control the
consumption of power during pumping mode. This power electronic interface loses the ability of the rotating
mass of the machine to contribute to the grid inertia by making it independent of the grid frequency.
This problem is solved through the control of power converters in such a way that the inertia effect is
synthesized termed as synthetic inertia. MHPPs can also be operated in a standalone mode where they
are not connected to the grid. This paper reviews control schemes applied in literature for the frequency,
voltage, and inertia control, in both the grid-connected and standalone modes. This study starts with the
standalone MHPPs, covering the literature review and control structure for voltage and frequency control
of standalone MHPPs. Then it presents a detailed operation, control principle, synthetic inertia concepts,
and architecture of grid-connected MHPPs. The mathematical formulation of the grid, permanent magnet
synchronous generator, synthetic inertia inclusion, and control structures, including direct torque control,
virtual synchronous machine, and model predictive control, is also presented. Finally, the paper presents the
concluding remarks with the comparative analysis of various control structures to include synthetic inertia,
its suitability, and future scope for MHPPs.

INDEX TERMS Frequency support, micro hydro power plants, standalone micro hydro plants, synthetic

inertia.
NOMENCLATURE Pg Generator active power
Sg apparent power nominal value ids» igs  Stator (dg) currents

dg  PMSG stator dq voltages L4,  magnetizing inductance in dq windings
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Vas, Vgs  Stator (dq) voltages
T; Load torque
O grid reactive power
Ig abc grid current
Lin,eq equivalent inductance
between generator and converter
ide DC link current
eg.dg grid d voltage
Vg.dg generator dq voltage
Cac DC link capacitor capacitance
Py virtual mechanical input power
fmm VSM frequency
Afvsm  deviation in VSM frequency
wp base speed
VPLL filtered voltage in PLL
12 dg converter reference dg voltages
VT dg converter dg voltages
qhr head race tunnel flow
Pp power delivered to ballast resistance
fe grid frequency
fe grid frequency
Sa.ref reference grid frequency
T Aerodynamic torque
Ly,daq Stator dq inductance
R, Stator resistance
€g abe grid voltage
Asd» hsqg  stator (dg) fluxes
Tem Electromagnetic torque
J Moment of inertia
P, grid active power
Pq the reference grid power
Ry eq equivalent resistance
Lg oq equivalent inductance
between grid and converter
i load current
ig.dg grid dg current
fe grid frequency
Ir,dg damping winding current
Py droop power
e reference VSM frequency
860vsim deviation in VSM angle
fe grid frequecy
fip.p  low pass filter frequency
OpLL instantaneous actual phase angle
P; load power
q water flow
Py Turbine power

I. INTRODUCTION

The penetration of renewable energy sources (RESs) based
distributed generation (DG) units is increasing rapidly. For
example, Japan plans to integrate a 14.3 GW photovoltaic
(PV) electrical energy to the conventional grid in 2020, rais-
ing it to 53GW by 2030 [1]. The power grid is undergoing a
massive transformation from centralized power production to
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more flexible, and a new power system is known as ““Smart
grid (SG)” shown in Fig. 1. Renewable energy utilization
in SG increases and supports the grid by improving power
quality, reliability, and cost reduction [2]. In such modern
power systems, where the RESs has high penetration, they
have no or negligible inertia and damping properties. Accord-
ing to [3], it is predicted that the total decrease in inertia 70%
in the UK between 2013/14 and 2033/34. This will cause the
increase of the rate of change of frequency (ROCOF) of the
power grid leading to the load shedding controller activation
at a small imbalance in grid quantities. The author in [4]
evaluated the ROCOF using several RESs penetration levels
with a Synchronous Generator (SG) acting as MHPPs and
founds that the ROCOF increases directly with the increase
in the number of RESs as shown in Fig. 2. On the other
hand, the conventional grid system uses bulky synchronous
machines, which are the primary source of inertia. These
synchronous machines play a significant role in the stability
of the grid through its inherent rotor inertia and damping
property due to electrical and friction losses in damper, sta-
tor, and field windings. As the RESs penetration increases,
the problem of grid stability due to low inertia and damping
effect also increases. Other issues like a rise in voltage due
to reverse power flow from PV generating units [5], surplus
power supply in the grid due to DGs operating at full capac-
ity, frequency regulation degradation [6], and fluctuations in
electric power due to the RESs variable operations. Such
types of problems can be mitigated through the introduction
of inertia in the grid system. In this new power system,
energy storage plays a vital role in ensuring a constant electric
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power [7]. 99% of the electricity storage all around the world
constitutes hydropower, thus playing a significant role in the
ensured and reliable power supply. The pumped storage micro
hydroelectricity plants (PS-MHPPs) works in two modes:
(a) generation: when there is a shortage of power in the grid,
then the water in the reservoir is used to generate electricity
(b) pumping: when there is a surplus of power in the grid,
then this surplus power is used to pump water back to the
reservoir. These PS-MHPPs are less flexible to the rapid
variations and fluctuations in power production and need a
modern control scheme to ensure constant power production.
To solve this problem, the power electronic converter comes
into play, and the machine is then decoupled from the conven-
tional grid using adjustable speed units to control in a much
efficient way. The high precise power production control of
machines in PS-MHPPs using power converters contributes
to the frequency stability of the power grid [8]. However,
the inertia contribution of the PS-MHPPs is lowered due to
the introduction of power converters.

In recent years, many solutions have been proposed to
cope with the inertia contribution problem for converter
controlled MHPPs. The most well-known techniques are
classical torque control and virtual synchronous machine
(VSM). This paper presents a comprehensive review of the
various frequency and inertia control methodologies and their
operation covered in the literature. Mathematical formula-
tions of the components and control in MHPPs are presented.
Detailed insight of the inertia emulation for the direct torque
control, VSM based control, PD and PID based droop control,
and Model Predictive torque control is presented in this
paper. Apart from grid-connected MHPPs, a detailed litera-
ture review of standalone MHPPs (SMHPPs) with its control
structure is also presented in this paper. Moreover, the paper
is organized as follow: Section II describes the literature
review and control structure for SMHPPs. The architecture
of the grid-connected MHPSs is presented in section III.
This section also outlines various variable speed MHPPs
topologies, a complete description of MHPP architecture,
power system stability concepts, and inertia concepts. The
mathematical modeling of SM and grid within an MHPP is
presented in section 4. Section 5 reviews the inertia emulation
based control schemes with its mathematical modeling for
grid-connected MHPPs. Finally, the article is concluded in
section V with future recommendations.

Il. VOLTAGE AND FREQUENCY CONTROL OF
STANDALONE MHPP

The SG used in standalone MHPP (SMHHP) is subjected to
voltage and frequency variations due to continually varying
load, resulting in excess heat and mechanical vibrations in
SG [10]. The SG generator thus needs a control system to
regulate the perturbations on the generator side, referred to
as electrical control, turbine side referred to as mechanical
control, or on both sides called electromechanical control.
In turbine side control or mechanical control, the speed of
water is regulated using an inlet valve to control the speed of
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water to maintain the constant frequency and voltage of the
SMHHP [11]. Due to the high cost of the hydraulic governor
(HG), HG is not a preferable option to maintain the frequency
and voltage of a standalone MHPP (SMHHP). An electronic
load controller (ELC) is considered as an alternative to the
high-cost HGs. In the generator side control, dummy resistors
known as dump load are employed to regulate the voltage and
frequency during load variation. This dump load modifies the
amount of power by absorbing the surplus active power to
the dissipation circuit, thus keeping a constant frequency by
minimizing the difference between the generated power and
consumed power. A significant portion of the power was dis-
sipated as heat in earlier ELCs connected to a resistive load.
But with the modern control topologies, the surplus power is
efficiently used. The various types of control schemes imple-
mented in the literature [10] are shown in Fig. 3. This section
will review various ELC schemes for SMHHP frequency and
voltage regulation.

An ELC based on the power relay approach was proposed
by Woodward et al. [12] in 1980 for voltage and frequency
regulation. In 1984, Kormilo et al. [13] utilized power elec-
tronics switches instead of relays to smoothen the frequency
and voltage regulation. Bonert, et al. change the configuration
of the electronic topology to minimize the line distortion in
SHMPP [14]. With the development of power electronics,
new topologies were introduced for SMHHP based ELC sys-
tem, e.g., TRIAC based regulators [15]-[22], Rectifier con-
trol based Silicon controlled Rectifier (SCR) [14], [23]-[25],
and insulated gate bipolar resistor (IGBT) based uncontrolled
rectifier [26]. Also IGBTs with different configurations based
on number of legs were also introduced for MHPP based
ELCs e.g. 2 leg IGBT converter [27], [28], 3 leg IGBT
converter in [29], 4 leg IGBT converter in [30], [31] and
6 leg IGBT converter was proposed in [32]. Self-excited
induction generators (SEIG) were initially employed to their
robustness, reliability, and cost-effectiveness. Many control
schemes were presented to regulate the frequency and volt-
age of SEIG; for example, an analog control scheme was
proposed in [12], digital signal processor (DSP) based ELCs
in [33], [34], the current control scheme in [15], a feedfor-
ward control scheme for ELC in [21], [24], [35], and P, PI,
and PID based control schemes in [36]-[40]. For MHPPs
using asynchronous generators, a PI-based frequency and
voltage control technique is proposed in [30], [31], [41],
PI-based power control technique is proposed in [29], [32],
deadbeat control schemes in [42], PLL based integrated ELC
in [43]-[45] and optimization-based control methods in
[46]-[48]. Control schemes for SG were also proposed in the
literature. The author in [49]—-[51] proposed P and PI-based
control schemes, fuzzy logic based power-sharing scheme for
ELC controlled SG [52], and a PLC based ELC was proposed
in [53].

A. CONTROL STRUCTURE OF SMHPP
The ELC works on the principle of active power balancing
to control the frequency of the SMHPP. The power generated
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FIGURE 3. Control schemes for SMHHP.

is delivered to the load, whereas the access power is diverted
to ballast resistive load. The operational diagram of the ELC
based SMHPP control is shown in Fig. 4 Mathematically, this
relation can be expressed as:

Pg=Pp+ P ey
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FIGURE 4. SMHHP operation.

The frequency control is performed by comparing the
actual frequency with the reference frequency. An error
between the actual frequency and reference frequency is
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generated, and then a controller (PI) is used to generate the
firing angle. This firing angle decides the amount of power
that should be dissipated through the dummy load. The firing
angle can be expressed as:

a = K,Af +K,~/ Afdt
Af =F, —Fy4 (2)

where F, and F4 are the reference frequency and actual
frequency of the system. The per phase resistance value and
power consumption of dump load that is considered equal to
or slightly greater than the plant rated capacity are given as
follow:

o 3V
K X PG |y—0
szv—sz{l[(n—a)+8in2a]} 3)
R |7 2

B. FUZZY BASED ELC CONTROL SYSTEM
The structure of the fuzzy-based ELC control presented in
this section is based on the system proposed in [54] and shown
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FIGURE 5. ELC using fuzzy logic control.

in Fig. 5. In this control system, the dummy load is controlled
using pulses generated through the PI controller. The input
to the PI is the deviation between the reference frequency
and measured frequency. The fuzzy logic controller (FLC)
controls the flow of water according to consumer power. If the
required power is high, the FLC increases the water flow. The
frequency is also controlled in the same way. If the generator
frequency increase from the reference frequency, the dc motor
is rotated to regulate the generator frequency by decreasing
the water flow. In the case of a small deviation, the dummy
load is switched on and off to regulate the frequency.

Ill. GRID-CONNECTED HYDRO POWER PLANTS
ARCHITECTURE, FUNDAMENTALS, AND CONCEPTS

This section presents the architecture and the various
typologies used in MHPPs. The basic concepts related to
the penetration of power generated through MHPPs to the
conventional grid are also explained in this section.

A. VARIABLE SPEED MHPPs TOPOLOGIES

The variable-speed operation of MHPPs is necessary for
smooth power flow as fixed speed turbine leads to unsta-
ble operation in varying head reservoirs. For this purpose,
variable speed turbines (VST) proves to be the right choice
as the VSTs have much better efficiency with the capability
of continuous and smooth operation [55]. The uninterrupted

power supply can be made possible using the variable speed
turbines with the inclusion of power electronics [56]. The
output power of MHPP is directly proportional to the vari-
ation in the flow of water, thus increasing the chances of
output power unbalance. A control system is necessary to
control the power imbalance for stable and smooth operation
at the consumer end [57]. The load and power balance can
be achieved using pumped-storage MHPPs, that operates in
two modes: (1) Generating mode and (2) Pumping mode.
During peak hours or grid failure scenarios, the generating
mode is active, maintaining uninterrupted power supply to the
end load. Conversely, during the off-peak periods, the excess
power in the pumped storage plant is used to pump the water
from a low-level reservoir to the upper reservoir [58].

A grid-connected MHPP needs electric converters for
its variable speed operation. There are two major topolo-
gies of MHPP that uses back to back converters for
the grid-connected operation: Converter fed synchronous
machine (CFSM) and doubly fed induction machine (DFIM).
The CFMS is directly connected to the grid system using
power electronic converters. In contrast, in the case of DFIM,
the stator is directly connected to the grid while the rotor
is connected to the grid through converters [59], as shown
in Fig. 6. The main advantage of the DFIM topology is the
variable speed operation achieved by applying low-frequency
varying currents on its rotor; thus, the pumping power and
the speed can be controlled using AC excitation [60]. The
DFIM topology has an advantage of low rating converters
utilization, as they need a converter to be rated as 30% of
the machine rating. However, the complex rotor structure of
DFIM topologies limits the rotor speed, thus making it unsuit-
able at high headed locations [61]. Conversely, the CFSM
needs a converter rating the same as the machine, as the
converters are subjected to the full power of the machine.
The decoupled structure of the CFSM topology, less com-
plicated structure, black start, option to bypass converters,
and high starting torque of CFSM makes it more efficient
than DFIM topology [61]. Comparative analysis of both
the machines shows that the DFIM efficiency (98.3%) is
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FIGURE 6. MHPP Layout.
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less than CFSM (98.8%); however, for the overall topology,
the converters affect the efficiency of CFSM, bringing it
to 97.3% due to the losses in converters while the DFIM
efficiency is lowered to 97.9% [62]. Other various topologies
that are used for MHPPs are shown in Fig. 7.

Grid
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@ Dan ek orm

Excitation
Converter

EESG

EESG
Excitation
Converter

B. MHPP SYSTEM DESCRIPTION

A grid-connected MHPP, the hydraulic system, is presented
in Fig. 6. The transformer separates the grid from MHPP,
whereas the MHPP consists of an SM and back to back con-
verters, used to integrate the power from SM into the grid. The
SM is run by a turbine that transforms the kinetic energy of the
water flowing from a reservoir through the penstock. The con-
trol topology of SM consists of a governor and an automated
voltage regulator (AVR). There is two control mechanism
to control grid-connected SGs: (1) control of the active
power through the control of water flow into the turbine and
(2) control of the reactive power flow from SG using AVR,
that regulates the rotor excitation through the regulation of
field current. The AVR works as an outer loop controller
that aims to keep a constant stator terminal voltage. This
controller takes the terminal voltage of the stator and uses
a controller to generate a reference field current. The AVR
excitation system sometimes uses a power system stabilizer
to improve the power stability of the system by providing
damping in the power system oscillation [64]. If the active and

s

FIGURE 7. MHPPs topologies.
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reactive power can be controller separately, then there is
no need for a power stabilizer. Generally, the turbine and
governor are modeled in terms of state-space equations.
The input to the governor is the deviation in the nominal
frequency/speed, and the output is the desired opening of
the gates. The output of the gate governor act as input
to the turbine, which generates mechanical power based
according to the gate opening. The SM is then connected to
the grid through converters. The modular multi-level con-
verter (MMC) topology is nowadays widely accepted for
high power conversion. A series of power cells or power
semiconductors are needed for voltage above 3.3 kVLL for
higher power levels [65], [66].

Two back to back converters are connected for stable
operation of grid-connected MHPPs where one is termed as
grid side converter (GSC) while the other connected to SM
is termed as machine side converter (MSC). The DC link
voltage is chosen as twice the peak of the phase voltage. The
line between the SM and the grid has impedance classified
as (a) impedance between transformer and GSC, (2) GSC
impedance, and (3) machine impedance in series with the
MSC impedance [2]. SG is the significant component of
the grid-connected MHPPs for converting mechanical energy
into electrical energy. They are used on a large scale to
produce power from steam turbines, hydro turbines, or com-
bustion engines [67]. The most prominent features of SM as
compared to other machines are: (1) its output power may
be in proportion to grid frequency, (2) the terminal voltage
of SM can be accurately controlled through an excitation
system, (3) it has high short circuit current, and (4) it has
short term frequency regulation from inertia response [68].
A detailed comparison of the DFIM versus SM is given in
table 1 portraying the premium feature of both the topologies
in MHPPs.

C. POWER SYSTEM STABILITY AND SYNTHETIC INERTIA

A power system is said to be stable if it is capable of
regaining itself after the occurrence of any disturbance. This
stability can be categorized into three subcategories: (1) Volt-
age stability, (2) Rotor angle stability, and (3) frequency
stability. IEEE power system engineering committee defines
the voltage stability as: “Voltage stability is the system able
to maintain voltage such that the power and voltage can be
controlled and load power increases with the increase in load
admittance” [69]. The rotor angle stability is the ability of
the system to be synchronized during a disturbance. The
frequency stability is related to balancing of active power and
its ability to maintain constant frequency when there is an
imbalance between load and generation [70]. The response
of frequency for English and wales with the operating limits
is shown in Fig. 8 [71]. It can be seen that; the regular
operating frequency of the system is close to 50 Hz. However,
the demand-generation imbalance condition, a decline in the
system frequency, starts. The rate of decline of the frequency
depends on the amount of unbalanced power and the total
system inertia. This ROCOF is expressed by the swing
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TABLE 1. Performance analysis of DFIM and SMC in terms of various dynamics.

Features DFIM

SM

Excitation Excitation 3-phase AC excitation

Low DC field voltage and current in the
rotor circuit

Speed the synchronous speed with a wide range
of operating speeds

can operate at: Synchronous speed Sub
synchronous speed Super synchronous
speed

Starting Requires damper winding for start-up

Self-starting

Power factor Can be controlled using D.C excitation

Requires PE converters for power factor
control

Efficiency
98.3% for standalone
e 97.9 % for converter connected

97.8 % for standalone
97.3 % for converter connected

Power electronics requirements and Cost
Power electronics converters are

must for operation

Operated at partial rated converters
Rating is dependent on the slip
Low installation cost due to partial
rated converters

Can be operated without power
electronics converters

Converter rating same as machine
rating High installation cost due to
full rated converters

Power generation Stator and rotor both contribute to power

generation

Only stator contributes to power genera-
tion

Fault tolerance

o Less control capability under grid
failures due to dynamic increase in
voltage
Possess high reactive power oscilla-
tions and low active power oscilla-
tions during grid failures
Faster response time to active and
reactive power demands
High stability during both high and
low speeds

o Drooped voltage when grid fails

o Need disconnection to operate dur-
ing grid failure

Less power oscillations

Operating range Operates at rated power

Can be operated on partial loads

Power quality
e High power producing capability
compared to SM
e Decoupled Active and Reactive

Operates under all any power factor mak-
ing it viable to improve power factor

power
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FIGURE 8. System frequency response time frames [3].

equation [9], [64], [72] given as:

Cawy _4(8)

P,— P = 4

§ dt dt @
dfy

P,— P =J=—= 5

g 1 7 (5)

where H is the kinetic energy of the system normalized to the
apparent power of the generator connected to the system.

If?
e
Rearranging (5) one can obtain as:
2H dfy P, — P,
Jedt TS
In terms of frequency, the equation (7) can be written as:

(2_H) i ®)
f ) dt Sg

H (6)

@)
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where df, /dt is the ROCOF of the system. Before the activa-
tion of any controller, the SG releases the inertia stored in the
form of kinetic energy due to the rotor mass if an imbalance
situation occurs. The duration of this release of inertia is
up to 10 s [71]. The primary controller also activates, if the
deviation in frequency surpasses a specific value. During the
primary response, the power output of the generating units is
increased using the governor control to bring the frequency
back to normal range within the 30s. If the frequency deviates
after the primary control, secondary control is used to regulate
the frequency to its nominal value ranging for a few minutes.
Finally, the deviation in the remaining power activates the
tertiary frequency control.

IV. MHPP MODELING BASED POWER SYSTEM
MODELING

This section will explain the modeling of an MHPP
with dynamic equations in the synchronous reference
frame [2], [73].

A. GRID SIDE MODELING

The three phase grid voltage e, , pc in terms of the impedance
Lg.q and R, .4 between the grid and converter with the
current direction toward the converter can be given as
follows:

) dig 4 be
€g.a bc = Rg,e glg.abe + Lge q gd‘; : + Vg.a be 9
dvy . .
Cae—= = lac — L (10)
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The grid voltage e, , pc is represented in synchronous refer-
ence frame and given as follows:

egd | lgd d lgd
=R : + L — |
[egq} et |:lgq] ©9ar [lgq}

0 -1 lgd Ved
+ng’eq|:1 0 }[igq}—i_["gq] (n

The active power and reactive power in terms of the grid
voltage and current in synchronous reference frame are given

as follows:
A EANEE
Qg 2 | —Vgqlgg

The stored energy in capacitor can be written as follows:
1 2
Fae = 5CacV3 (13)

B. MACHINE SIDE MODELING
This section will provide the dynamic modeling of MSC.
The dynamic equations of a salient pole rotor filed excited

synchronous machine is given as [74]:
-1 Asd
o' li]

Csd isd d Asd 0
=R | " |+ =
[esq} s[’sq}_'—df[)“sq]—i_w[l

where Ay and Ay, are dq flux linkages given as follows:

Asd Lyqisq Lingiva ifd
= . + . + L 15
|: Asq } [ Lyqlsq ] |: Lingirg ] md |: 0 ()

Here Lgq/, is the sum of magnetizing inductance Lyq/q
and leakage inductance L;;. The stator voltages can be further
simplified by neglecting the damper winding currents 7,4/4
given as follows:

€sd Isd d Lyqisa d Lindira
=R . — . — .
[esq :| ’ [’sq :| - dr |:L‘Yq’sq } " dr [ngqu :|
d ifd 0 - qu Isd
+ Lmd E |: 0 +ow Lsd 0 isq
. 0
+ wigy [ 1 i| (16)

The converter voltage in terms of the equivalent
impedances and the stator voltage equation in (16) in
dg-reference frame can be represented as follows:

Vmd Isd d Lind,e qisd
=R . + — T
|: Ving ] med |: Lsq :| dt |: Lmq,e qlsq ]
d ifd 0 —Lind,e Isd
Liyg— €4 N
+ Lipa dt [0 +w Lmq,e q 0 Isq
. |10
+ wigy [ 1 i| a7

where the equivalent resistance Ry, is the sum of the con-
verter resistance R,c and the stator resistance. The torque
and speed relationship of the motor can be expressed by the
swing equation given as follows:

dowy,

To-Ti =J dt

(18)
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The electromagnetic torque of the motor can be controlled to
change the speed of machine. The expression of the electro-
magnetic torque is expressed as follows:

Tem = E[Lmd(lfd + lrd)lsq + (Lsa — qu)lsdlsq - Lmqlsdqu]
(19)

Neglecting the damper winding current and saliency term
(Lsa — Lsq)isaisq, the expression in (19) can be written as:
p .

Tom = 5 (Lmdlsqlfd) (20
V. INERTIA CONTROL SCHEMES FOR GRID CONNECTED
MHPP
This section presents the various techniques presented in the
literature to cope with the frequency control problem due to

less inertia in the system. The techniques presented in the
literature are Classical torque control and VSM.

A. DIRECT TORQUE CONTROL
1) MSC CONTROL
There are several control methodologies to emulated inertia
by adding a control loop. The principle of inertia control is
to control the speed of the machine by changing the speed
or torque such that the kinetic energy is either released or
absorbed in proportion to the imbalance in power [75]. After
power imbalance, the change in frequency is measured, and
then the reference speed is changed according to the change
in frequency. The concept of inertia emulation in the MSC
can be deduced from (8), which portrays the direct relation
between the change in power and change in frequency. The
change in power due to load imbalance will affect the fre-
quency of the system. Thus, when the speed of the machine
is decreased, it releases the electrical power equivalent to the
kinetic inertia of the machine. The control of the deviation in
the speed based on ROCOF results in the inertia emulation.

Three main topologies are used to change the reference
speed according to the change in frequency. The three meth-
ods are: (a) df /dt method, (b) Af method, and (c) Trigger
method as shown in Fig. 9. In df /dt method, the kinetic
energy is used to tune the ROCOF multiplied by a gain,
as shown in Fig. 9.a. However, this method has the disadvan-
tage of complicated tuning and fluctuations in power [76].
On the other side, the Af method based on the deviation
in frequency has less complication in its implementation,
as shown in Fig. 9.b. A most simple topology is the trigger
method, as shown in Fig. 9.c. In this method, a trigger is
used to release a constant amount of energy if the deviation
in frequency reaches a certain level. Thus, inertia can be
controlled through any of the above methods or a combination
of these methods. The author in [2] combined the df /dt and
Af method to achieve a massive and rapid response to change
in frequency, as shown in Fig. 10.

Equation (20) reveals that the torque and speed can be
controlled through (is,), which can be further used to control
the voltage. The speed control loop shown in Fig. 10 gener-
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FIGURE 9. Reference speed generation according to frequency variation.

ates reference g-axis current (i3, ) using three input quantities:
(1) reference speed, (b) Actual speed, and (c) inertia con-
troller output. PI control is used to generate the reference
voltage from the current error in the d and q axis reference
frame due to its simple structure and low cost [77]. The
overall operation of the current control is shown in Fig. 10,
while the mathematical representation of current control is
given as follows:

kl,i sd

kl,p sd +

)
v;kq 0

0 i;kd - isd
ki i it =i
kipsq+ e sq 4
)

_Lm e is
+w md-e 4754 21
|:Lmd,e glsd t ifaLlma @h

2) GSC CONTROL

The GSC control adjusts the active power flow to maintain
a constant DC link voltage according to the given reference
DC voltage. Like the MSC control loop, the GSC control loop
consists of outer loop inertia control and DC voltage control
loop, and inner loop current control. The inertia emulation is
performed in the outer loop by changing the DC link voltage
reference. A supplementary inertia control is added with the
DC link voltage error to emulate inertia. The concept of
the inertia emulation on the grid side can be deduced from
the relation between the deviation in the DC voltage and
deviation in power. Using (13), the effect of the deviation in
a given DC-link voltage on the power can be expressed as
follows:

APy = CygcAVy, (22)

Thus, a supplementary inertia can be emulated along with
the change in DC link voltage using the voltage and power
deviation relation expressed in (22).

The outer loop controls the active power using the current
error to control the DC link voltage. The control of the DC
link voltage is performed in this control loop. To keep the
DC link voltage according to the reference value, this control
loop will control the active power when there is an increase in
power production from the governor’s side. The inertia is also
emulated in this loop, thus changing the DC link voltage by
absorbing or injecting active power. According to (12), it is
evident that the active and reactive power is controlled using
igq and ig,, respectively. The relationship between V. and igy
is given as follows:

d(AVg)  3VAig
Cac =3 ¥
dt 2 vy

Equation (23) reveals that the iz will change the Vi, thus

resulting in the regulation of active power. The decoupled

(23)

fo
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FIGURE 10. Overall DTC scheme using Pl control scheme for inertia emulation.
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quantities in (11) with PI controller are used to generate
reference voltages v}; and v’(; using the current error and the
grid voltages given as follows:

ki,ia
|:V§i|__ klspd+ s Ok I:lzd_lgdi|
K 0 kipq+ Lig feq ~ l8q
+w |: Lg.e gigq ] + |:egd ] (24)
—Lg.e gliga €gq

B. VIRTUAL SYNCHRONOUS MACHINE

A VSM is generally used to integrate inverter-based DGs into
the grid system using the emulation of an SM in the inverter
control part [78]. Nowadays, an SM is one of the dominant
types of generators in the electric power grid system due to
its premium advantages that are [64], [79]-[81]: (1) to supply
kinetic energy stored in the rotor mass as inertia to the grid,
(2) it can absorb and supply reactive power, (3) they have
a simple and resilient structure with a good grid stabilizing
response, (4) flexible operating abilities in both standalone
and grid-connected modes, and (5) they can be operated as
a single frequency grid when connected in parallel. Many
researchers used such abilities of SM in the control of con-
verters to integrated inverter-based DGs. The control system
proposed in the literature under names such as VSM [82],
VISMA [83], synchro converter [84], [85], eVSM [86], and
so on [87]-[89]. Beck and Hesse were the first to propose
the idea of VSM, labeling it as VISMA [83], in which they
proposed a model of the damper windings at the actual circuit
level. But the proposed technique has some limitations due
to higher model complexity and the unknown ability of the
proposed VSM to damp oscillations beyond a normal SM.
Subsequently, several VSM has been proposed, adopting var-
ious ways to model the effect of damping with a wide range
of complexities. The VSM control topology can be divided
into two models: (a) High order models (HOMs) [90]—-[92]
and (b) Low order models (LOMs) [93]-[96]. The HOMs
represent the full model of SM and are relatively complex as
compared to LOMs. Most of the researcher only considers the
mechanical part of the SM to proposed VSMs. The electrical
part has also been included throughout the relation between
stator current and voltage, as reported in [97]. This results in
a full order model of an SM with 5th order electrical part and
2nd order mechanical part [98].

Furthermore, the author in [99] classified the VSM based
on damping, the one that applies damping effect in (1) speed
or real power loop, and (2) reactive power or magnitude
loop. On the other hand, the synchro converter works on the
difference between the nominal speed and virtual speed in the
real power loop. The swing equation of the SM has charac-
teristics of inertia and damping. The dominant behavior of
SM can be modeled to calculate the phase angle from the
power error. Considering the swing equation of SM, several
control paradigms have been presented in the literature to
allow integrate the virtual or synthetic inertia to the grid using
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power converters for a wide range of applications [85], [98],
[100]-[105].

In this section, the frequency control of the MHPP is pre-
sented using VSM. The classical torque control is modified
to integrate the control characteristics of VSM, as presented
in [2]. The VSM is presented with PLL [106] and without
PLL [2]. The overall control consists of the GSC control loop
and MSC control loop. The speed control is performed using
the governor; the DC link voltage control is done in the MSC
control loop, whereas the active power is controlled in the
GSC control loop. The overall operation of the VSM is shown
in Fig. 11.

1) GSC CONTROL WITH PLL

The main difference between the conventional control
scheme and VSM based control system for power converters
is the rotating inertia emulation and the virtual inertia syn-
chronization methodology based on power balancing. The
swing equation linearized with respect to speed is used to
implement VSM. This swing equation represents the damp-
ing and inertia of a traditional SM and the power balance is
used to determine the acceleration of inertia [98], [107] given
as:

d
Ta%fvsm =P*—P— Py (25)

where Py = kg (fusm — frLr) , and the fpy; is estimated value
of actual grid frequency calculated using a phase-locked loop
(PLL). The power frequency droop effect is incorporated
using a droop constant &, acting on the change in VSM speed
given as (fygm — f;%,,) - Hence the virtual mechanical input
power P™* in terms of frequency droop effect and external
reference power can be expressed as:

P = Pgﬂ< + kw (fvsm _fvtm) (26)

The phase angle of the VSM in steady-state condition should
be constant during grid-connected mode to model the VSM
in SRF and should correspond to the phase displacement
between grid voltage vector and VSM internal voltage vector
virtual position. For this purpose, the deviation of VSM speed
from grid actual frequency is modeled by introducing a new
variable in the form of speed deviation Af,, and the corre-
sponding change in phase angle 86,g,. Thus, the resulting
power balance equation and the corresponding change in
angle by introducing Afis, and 86,4, can be expressed as:

d

TaEAfvsm = (P>k — kw (fvsm _f\;m)) —P
J —ka (fosm — fpLL) (27)
—80ysm = Afvsm * Wp (28)

dt
The original grid frequency and the corresponding phase
angle that will be used as a transformation angle between
the rotating reference frame defined by three-phase quantities
and VSM inertia are given as:

fvsm = Afvsm +fg

—Ovsm = fosm * @p

dt
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FIGURE 12. Synchronous reference frame for PLL based VSM.

Once the VSM is in a steady-state condition, the grid fre-
quency becomes equal to the VSM frequency, and hence
86ysm = 0.

The phase angle 6,,, that is used in the reference frame
transformation between VSM oriented synchronous refer-
ence frame (VSM-SRF) and stationary reference frame,
is responsible for the synchronization of grid and VSM con-
trol scheme. During steady state condition, the frequency of
the VSM-SRF is same as the grid voltage, thus the phase
angle will variate between O and 27, whereas the phase dif-
ference between the two aforementioned quantities is denoted

VOLUME 8, 2020

by 86,sm. Thus using this VSM-SREF, the electrical system
modeling and control is performed, thus avoiding the need
for multiple transformation between the local reference frame
for control and global reference frame for electrical system
modeling [106]. Thus, the grid voltage is this VSMSRF can
be shown as:

vg — f}gefjagmm (29)

As the VSM damping effect is implemented using esti-
mated grid frequency, thus the filter capacitor voltage v is
introduced to implement the PLL and PLL will then operate
on its own established SRF aligned with the voltage vector vg.
The resulting phase difference is labelled as §6pz;, and the
overall reference frame is shown in Fig. 12 [106]. The voltage
vector vq in the PLL oriented frame can be expressed as:

ngL — V(‘)/SM e~/ (80PLL—86v5m) (30)
The structure of PLL to track the actual grid frequency
is shown in Fig. 13 and its structure based on [108], [109].
A PI controller taking the phase angle error as input is used to
track the voltage frequency, which is then integrated to obtain
the actual phase angle Opr;,. The filtered voltage vpr; with
Jp.p 1L as cut-off frequency for low-pass filter is given as:

d —j(80pLL—50
7 VPLL =—f1p.p LL-VPLLHfLP,p 1L - voe T OOPLLTm) (31
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FIGURE 13. PLL scheme for grid frequency estimation.

The integrator state epry of the PI controller can then be
defined by:

d v
—E&pLL = tan~! (—q’P LL) (32)
dt Vd.pLL

The change in the speed and phase angle of grid frequency
with respect to VSM speed is expressed as:

Vg,P LL

Afprr = kpprr - tan”™! < ) +kiprr - epr (33)

Vd,P LL

d

EsGPLL = AfpLL - wp (34
The actual per unit frequency fpr 1, estimated using the PLL

and the corresponding phase angle is given as follows:

SeL = AfprL +f; (35)
d
—0OpLL = fPLL - ®p (36)
dt

A PI control also used here to generate the reference cur-
rent from the converter terminal voltages vy in d and q axis
reference frame due to its simple structure and low cost [77].
The overall operation of the current control is shown in Fig.11
while the mathematical representation of current control is
given as follows:

kv id
[i}kd] Krpa + = 0 [VTd - VTa’*:|
x| = , *
lsq 0 k + kv,l q qu — V1g
N

P q

37

The error between the above reference current and actual
current is used to generate reference voltages using PI control
scheme. The overall topology including the current control
and voltage control is shown in Fig. 11.

kiia
|:‘§di|_ kl,pd+T 0 [ izd,igd i|
* - kr sk s
K 0 kipg+—L | Llisg ~ s

+fwm[ fee dla ]+[eg"} (39)

—Lg.e gliga €gq
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2) MSC CONTROL

The MSC control in VSM case is different than that in the
case of classical torque control as shown in Fig. 10. It consists
of an outer voltage loop and inner current loop. The inner
current loop is implemented like classical torque control loop,
whereas the outer voltage loop takes the difference between
DC link voltage and reference DC link voltage to control the
active power using reference i;‘q given as follows:

o7 T the ;v ]
[ijq]_ |:kvyp+l% 0:||: 0 (39
C. VSM WITH POWER-FREQUENCY PD CONTROLLER
A power controller can be added to the VSM to bring the
power back to its reference value. Thus a proportional differ-
ential (PD) concept is used to generated reference power Py.
The addition of PD control to the P} in (26) will adjust the
reference power to the VSM and the MHPP will contribute
to the reference power even under grid frequency deviations.
The new term P,_pp is given as follows:

kq (fvsm) S

Pr_pp=kp (fosm —fPLLH‘m (fosm — fpLL)  (40)

D. VSM WITH POWER-FREQUENCY PID CONTROLLER
AND PERMANENT DROOP

To further make the system robust, the VSM can be com-
bined with the proportional integral differential (PID) con-
cept. The PID will act as conventional MHPP governor and

the frequency response will be much robust as compared to
proportional based VSM. The updated P is given as follow:

ka (fosm) sé + ki

S+ fosm s
€ = (fvsm _fPLL _Pf) 41)

PrpID = kpe +

E. NONLINEAR MODEL PREDICTIVE CONTROL

The synthetic inertia emulation and control schemes dis-
cussed in previous sections are based on P, PI, PD, and
PID. Certain constraints in the MHPP system need to be
fulfilled for the smooth operation of the overall control
paradigm. The constraints include certain operating limits
of hydraulic and electric variables. Besides this, the turbine
control should be robust to stabilize the grid through fast
frequency reserves (FFR) obtained using the kinetic energy
of SG within the constraints. A conventional PID controller
damages the power system because it becomes slow due
to careful tuning for fulfilling these constraints. Therefore,
amore advanced system based on MPC is designed in [110] to
meet the constraint and maximize the efficiency of the power
system. The authors utilized an 11 bus Kundur two area sys-
tem [73] integrated with an MHPP. The difference between
previous techniques and MPC based scheme is that the ref-
erence power P, and the guide vane opening reference g* is
calculated using the MPC scheme, as shown in Fig. 14. The
MPC is then combined with the VSM to provide optimized
frequency and power oscillation damping support.
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TABLE 2. Performance analysis in terms of various dynamics.
Control . N
techniques Complexity | Robustness Advantages Limitations
- provides better decoupling of flux and torque : gﬁgggt flr[glgolrsqﬁf Epp les are high
Low - Computationally efficient e
DTC . Slower . . . - poor power quality
Complexity - no coordinate transformation requirements - .
- better dynamic response - switches failure problems
due to variable switching frequency
- can be implemented based on 5, 7¢7,
order and phasor model of SM -can be influenced by nonlinear
VSM - can be implemented in rectification mode high frequency harmonics
with PLL Medium Fast to make a unified interface for smart grid -no specific principles to select
- control parameters are flexible the VSM parameters
-can be implemented as current - doesn’t incorporates external effects
and voltage controlled source
VSM combined with -provides improved frequency response -number of tuning parameters is increased
power frequency Medium Fast -adds the power control to the inertia control -high complexity
PD and PID controller -imitates the function of governor -doesn’t incorporates external effects
-implementation is easy
: zgsttufnul r?(ii%zg?;ng;irii)le - problem formulation is difficult
High - constraints can be select according - complex constraints .selectlon
MPC . Slower . . - slack variables addition
Complexity to operating environment - controller time dela
-replaces governor control by the guide vane o . y .
effect of water hammering can be included - realistic selection of hydraulic system
damping effect of power oscillation is included

MPC uses the dynamic model of the system to formulate
an optimization problem and then uses the current state of
the plant to generate optimal control sequence and then apply
this sequence to the system as input [111]. The significant
contribution of the MPC based MHPP control presented
in [110] are: (1) Primary frequency control, (2) Hydraulic
system control, and (3) Turbine speed control. In primary
frequency control, reference power P is generated and then
provided as input to VSM to minimize the variation in the grid
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frequency, oscillation damping, and keeping the converter
power within certain limits. In hydraulic system control,
an optimal guide vane reference g* is generated and then
provide as an input to the governor. This optimal value of
g* will provide optimal control and reduce the guide vane
operation to minimize wear and tear, water hammering, and
mass oscillations. The surge tank head Ay is kept within the
operating limits, and also the water flow q is kept above its
minimum level. The turbine speed is also kept at the optimal
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value and is controlled to recover itself after any distur-
bance. To achieve the aforementioned objectives, a quadratic
objective function with non-linearly equal and linearly equal
constraint are used [110] given as follows:

min X, U
xeR?, ueRmf( )

N—-1
l ¢
= Z EX,+1Qz+1xt+1
t=0

1 1
+ dy 141 + EAxtT.,_lQAtAxtH + Eu;eru,

1 T T 1 T
+dml/tl + EAMI RA;AM[ +p €+ EEt SG; (42)

where x = [Af, g, ¢, gnr, hst, @n]. The constraints defined
for the optimization problems are the guide vane opening
reference g* that ranges between 0.1 and 1.2 and the con-
verter power Pg between 0 and 1. Moreover, a number of
slack variables have been added to the MPC problem that
includes the water flow ¢, surge tank head A, turbine head &,
and rotating speed of turbine w. A multi-variable algorithm
known as moving horizon estimation (MHE) is also utilized
to estimate the current states (x) using the dynamic model of
the plant.

The techniques reviewed in this article has certain advan-
tages and disadvantages. A comprehensive comparison of
the reviewed techniques is presented in table 2 portraying
the complexity, advantages, disadvantages and robustness
against the load variation.

VI. CONCLUSION AND FUTURE WORK

This paper presents the various control paradigm develop-
ments in recent years for micro-hydro power plants (MHPP)
efficient control in grid-connected and standalone modes.
A detailed literature review of the control techniques for
MHPP in standalone mode is presented. The frequency con-
trol for standalone MHPP during power imbalance using
fuzzy logic control and PI control is reviewed. The concepts
for inertia emulation and its utilization in the frequency
control during the load imbalance in grid-connected mode
are presented. The latest techniques for the grid-connected
mode mathematically presented in this paper include direct
torque control, virtual synchronous machine (VSM), model
predictive control, and VSM with PD and PID control. The
advantages and disadvantages of all the reviewed techniques
are also presented. These techniques are quite mature for
wind energy and solar photovoltaic systems, but no valuable
research has been done for MHPPs. The direct torque con-
trol (DTC) can be further enhanced by incorporating robust
techniques like sliding mode control and its variants. Further
research is also needed for the internal parameters of the
VSM. Multiple VSMs can also be implemented to improve
the performance of MHPPs in the presence of damping,
inertia, power, and voltage loops. Some robust techniques like
adaptive fuzzy [112] control and battery energy storage sys-
tem with consensus [113] can be incorporated with synthetic
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inertia emulation techniques. The effect of power converters
and its overloading capability in the context of VSM based
MHPP can also be explored for further research work. In the
near future, the implementation of these techniques will be
done to provide detailed comparison and challenges in imple-
menting reviewed techniques.
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