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Abstract: Due to an increasing demand for electric power and changes in the typology of loads,
stability has become a major concern in power systems. As the system stability is directly related
to the response of the connected generator, recent research has focused on enhancing generators’
stability and improving their response to load variations. This study focuses on adding another
excitation winding on to the g-axis, perpendicular to the conventional excitation winding on the
d-axis, to control both active and reactive power. This paper studies and compares the performance
of the dual excitation synchronous generator (DESG) to conventional synchronous generators. The
mathematical equations are derived, and a mathematical model is then developed. The experimental
tests have been conducted using a laboratory model consisting of a two-phase synchronous generator
driven by a DC motor with different loads. The obtained results and radial diagrams for the different
loading types are presented and evaluated. Therefore, a new approach has been designed to connect
the DESG directly to the power grid without any electronic components using a special coupling
that works in one direction. Two perpendicular excitation coils, d and g, were formed from the
existing coils, and the tests were carried out on all loads, ensuring that the revolving angle (i.e., the
stability angle @) was fixed. The results show that the proposed method offers significant cost
savings, potentially amounting to 15-20% of the unit price. The experimental results confirm that the
DESG significantly improves the generator stability by maintaining a constant rotor angle , which
requires using an automatic angle regulator (AAR) in addition to the conventional automatic voltage
regulator (AVR).

Keywords: dual excitation synchronous generator; DESG mathematical model; DESG characteristics;
DESG two-axis flux linkage equations

1. Introduction

A dual excitation synchronous generator (DESG) is a type of synchronous generator
with two separate excitation sources. One excitation source is used to create a magnetic
field in the stator, and the other is used to create a magnetic field in the rotor. This allows
the generator to operate at a variable speed, which is useful for applications such as
wind turbines and hydroelectric power plants [1]. The DESG has several advantages over
traditional synchronous generators, including the ability to operate at a variable speed,
which means that it can better match the varying speed of the input power source (such as
wind or water). This can result in higher efficiency and a more stable output voltage [2—4].
Another advantage of the DESG is that it can provide reactive power support to the power
grid. Reactive power is needed to maintain voltage levels and stabilize the grid, and
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synchronous generators are often used to provide this support. With the DESG, both the
stator and rotor can be used to provide reactive power, which can help to reduce the need
for additional equipment such as capacitors [3]. The DESG has been recognized in the
literature as a valuable approach to enhancing both steady-state and dynamic stability,
improving system reliability, and enabling independent control of the active and reactive
power [5-8]. Additionally, it has been revealed that the frequency regulation and the
control of generator terminal voltage magnitude can be achieved by manipulating specific
parameters of the excitation currents [9].

In the literature, many authors have addressed DESGs from different perspectives.
In [9], a comprehensive analysis is presented, which offers an accurate representation of the
machine. A per-unit system is utilized to avoid errors caused by the conventional system
when considering saliency. The external connection is examined in a generalized form,
enabling the study of the machine performance when connected to an infinite bus through
a general transmission system. A small displacement model is also derived and organized
in a suitable format for investigating dynamic stability issues. This model is a valuable
tool for examining the impact of various excitation regulation schemes on the machine’s
dynamic behavior [10,11].

Different strategies have been used for controlling the electrical power generation
of a DESG as a generation system for wind energy conversion. In Ref. [4], H. M. Yassim
et al. presented a control technique for maximizing the power conversion efficiency and
regulating the reactive power injected into the grid for a DESG operating as a constant-
speed constant-frequency (CSCF) generation system. This method is based on managing
the field-current space phasor magnitude and the field-voltage phase angle in order to
control the active and reactive power provided by the DESG. Furthermore, in Ref. [12],
the same authors developed a method for controlling the low voltage ride through (LVRT)
capability in DESGs, acting on the field-voltage space phase, and exploiting the added
reactive power to promote grid voltage recuperation under grid faults. The proposed
strategy was validated through experimental tests and simulations for a 1.1 kW DESG wind
turbine. Similarly, in Ref. [13], the authors proposed a novel strategy to control the reactive
power in DESGs operating in CSCF modality and a variable-speed constant-frequency
(VSCF) generating system, improving the conversion efficiency and reducing the copper
losses. This strategy is founded on regulating the magnitude and phase angle of the field
winding to control the active and reactive power, respectively. The simulation results
validated the proposed control strategy using a 1.1 kW DESG. In addition, S. D’Arco et al.
in Ref. [14] introduced a control strategy for DESG operation applied to variable-speed
wind turbines, enabling them to be actively controlled [14]. This strategy maximizes the
generated active power, keeping the active power in the rotor stable to a reference value.
Doubly fed induction generators (DFIG) are commonly used as alternatives to DESGs for
wind energy conversion systems, and these power generation systems require accurate
control strategies for optimizing the power they produce. In Ref. [15], Z. Dekali et al.
proposed an indirect power control strategy for the machine side converter (MSC), setting
the current target values to obtain the desired active and reactive power injected into the
grid. The strategy implemented a field-oriented control (FOC) of the dg frame to regulate
the stator power by acting on the rotor current components.

Compared to methodologies proposed in the published and previously analyzed
scientific works, the proposed direct connection technique is computationally simpler,
enabling the direct connection of the DESG to the grid without the need for any power
components or converters [1-5]. Therefore, the proposed technique does not require an
electronic power converter to adapt the produced power to be injected into the grid under
variable speed conditions, unlike other solutions reported in the scientific literature [4,5].
Moreover, by removing the need for an electronic power converter, the reliability of the
wind generating system is significantly improved. The proposed strategy keeps the rotor
angle stable regardless of the injected power by controlling the signals applied to the cross-
sectional coils, thus regulating the stability angle (¢). In addition, the proposed solution
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allows the control of active and reactive power independently, thus enabling the regulation
of the power factor.

In summary, this research article focuses on the performance evaluation of DESGs com-
pared to conventional synchronous generators. The mathematical equations are derived,
and a mathematical model has been developed. The paper also presents a new mechanical
coupling method for directly connecting the wind turbine with the synchronous generator
to the network without any electronic components. The study uses two laboratory models:
In the first one, a DESG with a 2 kW capacity is driven by a DC motor representing the wind
turbine. In this model, the two machines are linked through the developed mechanical
coupling proposed in the research article. The second model is a three-phase laboratory
machine with a nominal capacity of 2.3 KVA. Two perpendicular excitation coils, d and
g, were formed from the existing coils, and the tests were carried out on different loads,
ensuring that the torque angle was fixed. The proposed mechanical coupling method
enables the generator to be directly connected to the electric network without needing any
electronic components. The obtained results demonstrate that the developed DESG-based
solution outperforms the conventional generator in many aspects, including a simplifi-
cation from the point of view of the elements necessary for connection to the grid, and
therefore provides a significant cost saving. The only limitation of the proposed technique
is the need for an automatic control system to regulate the signals on the quadrature coils
and manage the power injection into the power grid.

2. The DESG Mathematical Model
By applying the voltage U4 on the direct winding of W4 turns, a current I4 is drawn,
forming the magnetomotive force (MMF) F.4 given by the following equation [11,16]:

— Ied Wed
ed P

A.T/Pole 1)

Furthermore, by applying the voltage Ueq on the direct winding of Weq turns, a current
Leq is drawn, forming a magnetomotive force (MMF) Feq, as follows:

Teqg W
Feq = %A.T/Pole 2)

If Weq = Weg and Ugq = Ueq, then the following equality is obtained: Feq = Feq
(Figure 1). As shown in Figure 1, if Weq # Weq, then it turns out Feq = (0.2 + 0.3) Feq.

Figure 2 shows the space distribution of the excitation windings and magnetic flux of
both types of synchronous generators. The main operation principle for any generator is
based on the interaction between the magnetic fields. So, Feq and Feq generate the magnetic
fluxes @oq and @.q, respectively, and when the rotor rotates at a speed n; (RPM), each of
these fluxes will rotate at the same speed and generate the electromotive forces (EMF) in
each phase of the armature E,gq and Eoq [17-19]. Figure 3 shows the vector diagrams of
both conventional and dual machines, where:

6 represents the load angle between the voltage U and E.

@ represents the angle between Ej and the g-axis, indicated in the text as the stability angle.
A represents the power factor of the load.

1 represents the angle between the current I, and the g-axis (0 =6 =, = x + 9).

b represents the shift angle between U and E (displacement of the rotors and the g-axis),
indicated in the text as the rotor angle.
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Figure 1. The magnetic flux linkage for (a) conventional synchronous generator, and (b) DESG.

Figure 2. The space distribution of the excitation coils and magnetic flux for the conventional
synchronous generator (a) and the dual excitation synchronous generator (DESG) (b).
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Figure 3. (a) Vector diagram of the conventional generator and (b) of the dual excitation synchronous
generator (DESG).

In a conventional machine, the equality 6 = 6 is achieved, while in a DESG, the rotor
angle b differs from the load angle 0 because the excitation is taken on the two axes. It
could be zero if (0 = @), which means more ability to handle the load variations and higher
margins of stability [20,21].

Figure 4 shows the vector diagram of the DESG [22]. The active (P) and reactive (Q)
power delivered by the generator can be stated as follows (Equations (3) and (4)) [22,23].
Figure 5 shows the P and Q variations as a function of 6 keeping U, Eoq, and E.q constant.

Q

\V ¢0

Figure 4. The vector diagram for a DESG with the effect of the armature reaction.
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Figure 5. Variations of Q and P as a function of the load (8) and rotor (3) angles: Q trend (a) and
P trend (b).

Equations (3) and (4) explain that a small increase in 6 has no effect on the active
power component Py on the d-axis. In contrast, the component Pq on the g-axis would
differ greatly, and the system’s power factor will be improved consequently [24].

UE UE UE UE
P=""""0ging = Osin(s6 + @)= M Pod gin g + 2 Odcoséde+Pq 3)
d X4 Xs s
Q :—mgSEOCOSB — mx—lf = m)l(jsEocos(S +¢)— mx—gz @
= %E"dcosé - mx—gz - %f"qsiné =Qq —Qq
tan“: M

The rotor angle stability is the capability of interconnected synchronous power gen-
erators operating in the power system to remain in synchronized conditions. During
normal generator operation, the rotor magnetic field and that of the stator rotate at the
same speed. However, an angular shift between the magnetic field of the rotor and stator
will be present, depending on the electrical torque (power) delivered by the generator.
An increase in the generator speed (i.e., the wind turbine) will cause the rotor angle to
advance to a new position relative to the rotating stator’s magnetic field. On the other
hand, mechanical torque reduction causes a drop in the rotor angle with respect to the
stator field. In equilibrium conditions, there will be a balance between the input mechanical
torque and output electrical torque of each electrical machine (generator), and their speed
will remain the same. If the balance is upset, the result is acceleration or deceleration
of the machines’ rotors; if an interconnected generator moves faster, its rotor angle will
advance compared to that of the slower machine. This results in an increase in the load
delivered by the faster generator and a decrease in the load delivered by the slow one. In
this case, the speed difference between the two generators reduces, as well as the angular
shift. Instead, beyond a certain point, if the angular shift increases further, there will be a
decrease in power transfer by the fast machine. A subsequent further increase in angular
separation between the two generators may lead to unstable operation due to the lack of
synchronization between the generators.

It is well known that the condition of stability for the conventional generator is:
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1-  Without excitation regulation:

U2
2-  With excitation regulation:
U2 x4
Q+—-+ urP >0 (6)

Xs

XS\/[P2+ (Q2+§{—:)2

where aq = Ae,q/AB is the excitation voltage variation coefficient with respect to
6. From these equations, when P # 0, by increasing «y, the stability margin will
expand. When P decreases, the validity of the excitation regulation will decrease and
approach the inefficient regulation level, which is considered the main disadvantage
of conventional generators [25-27].

On the other hand, the condition of stability for the DESG is:
1-  Without excitation regulation:

U2
-~ 7
Q+ X >0 (7)
2-  With excitation regulation:
v U,
Q++— + — (gsind + oqcos §) > 0 8)
Xs X

This result means that there are no limits to the output power stability, and the stability
is independent of 6 [28,29]. Practically, it is found that the reactive capacitive power would
be increased two to three times more than in the case of conventional generators, which
enhances the stability of the DESG. Another advantage of a DESG is its ability to work at
asynchronous speed (n # ni) for a long time, even with a large load; this operation mode is
called an asynchronous generator.

3. The Self and Mutual Inductances of the DESG

The DESG consists of a set of seven coils (3ph + 2k + 2f), and there are seven corre-
sponding voltage equations, in which many of the coefficients are periodic functions of the
angle (3, as shown in Figure 6 [10].

The self-inductances Lkkq, Lkkd, Lttq, and Lggq of the two fields, the two damper coils,
and the mutual inductances L¢gxq and Legxq between Fyq and Ky, and Fq and Kg, respectively,
are all constant. The armature self-inductances L, Ly, and La, vary periodically between
a maximum value when the coil is on the pole axis and a minimum value when it is on the
interpolar axis. The following equations report the exact relationships between the terms
discussed above.

Laa = Ag + Apcos 23 + Agcos4p+ ...+
Lpp = Ag+ Apcos2(B —2m/3) + Agcos4(B —2m/3)+ ...+ 9)
Lppb = Ag+ Azcos2(p —4m/3) + Agcos4(p —4m/3)+...+

The armature mutual inductances Lca, Ly, and Ly, also vary periodically and are
given by the same expressions with {3 replaced by (3 — 27t/3) and (3 — 47t/3), respectively:

Ly = —Bp + Bycos2f3 4+ Bycos4p + ...+
Lea = — Bo+Bacos2( B — 2%) + Bycos4( B — &) +...+ (10)
Ly, = —By+ BZCOSZ(B - 47”) +B4cos4<[5 - 47”)+...+
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Figure 6. The synchronous machine with two excitation coils and two damper coils.

The mutual inductance between an armature coil and a field or damper coil L, varies
periodically with a period of (27). L,¢q is at maximum when the phase A is on the direct
axis and zero when the phase A is on the quadrature axis, thus:

L.tq = Cyicos B+ Czcos3pB+ ...+

Lafq = Cisinp — Casin3f +... +
Lig = Djcos P + Dszcos3pB +...+
Lakg = Disinp — D3sin3f +...+

(11)

The remaining inductances involving (B) (namely Lyq, Lptq, Lokd, and Lpkq) are
obtained by replacing 3 with (3 — 27t/3), and those concerning C (namely Ltg, Letq, Lekd,
and Lyq) are obtained by replacing 3 with (8 — 47t/3) in the appropriate expressions [10].

For many purposes, the equations can be simplified by neglecting the third-order
Fourier terms and the higher ones. The equations relating the terminal voltages to the
currents in the seven circuits of Figure 6 are based on the coefficients reported in the
following tables (Tables 1 and 2). The mutual and self-inductances of the DESG are
represented in Figures 7 and 8, respectively.

Table 1. Summary table of the different inductances for the coils of Figure 6.

a b c f4 fq kq K,
Laa Lap Lac Lafd Lafq Lakd Lakq

b Lba Lb Lic Lbfd Lbtq Lokd Lbkq

c Lea L Lec Letd Letq Lekd Lekq

fq Lafd Lotd Leta Ltatd Ltatq Ltdkd Ltdkq
fq Latq Litq Letq Ligtd Ligtq Lqkd Lqkq
kq Lakd Lbkd Lekd Lkdfd Lkdfq Lkdkd Lkdkq

kq Lakq Lbkq Lekq Liqgtd Liqgfq Liqkd Liqkq
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Table 2. Expressions derived for the different inductances for the coils of Figure 6.
a b C fd fq kd Kq
=Ry +Lis+Lo—
a Ri:;c;; ;‘B 0 —3Lo — Lmscos2(B — F) =—1Ly—cos2(B+ %) Laa Latq Lad Lokg
=R,+L L=
b = ILoLmscos2(B — %) o3 (B - 25 ~ 1L — Liecos2(B — 71) Lo Lugq Lok Likg
3
=R, +Lis+Lo—
¢ =-1Lp—cos2(p+2F) =—1Lp—cos2(B + %) Lmscaol‘z(%i 2077[) Lea Legg Legq Lekd
fa Lot = Lagacos2(B+ 2) Loa = Lpgacos2(p — &%) Leg = Leracos 2(B + ZF) Rq + Leata 0 Lfaxa 0
fq Latq = Laggsin B Lifq = Loggsin2(p — 2) Letq = Lergsin2(B + 2) 0 Req + Ligtq 0 Ligkq
k4 Lakd = Lakacos 3 Likd = Lokacos (B — 2%) Lekd = Lekacos(B + 3°) Lifdd 0 Rid + Lidkd 0
kq Lakq = Lakgsin B Lbkq = Lokgsin(B — 2) Lekg = Lekgsin(p + 2) 0 Liktqq 0 Ryq + Ligkq
er
Vra K) 3 Lra \
Y, Cog
76 ia 1
ANV Van
T'Fq
in(@)—,
qul N LFq <« Me s ( ) L
. aa
iFq S F,
06\ Ly, iy
A \m AAAF—We—F—% o
rp r, F, b Vo
* NS F.
Vp=0 Lp & L
. Q
- ip N L,
Te
AN
ro Ven
+ i
n
Vo=0 Lo <
ip

Figure 7. The synchronous machine equivalent circuit: the mutual and self-inductances.
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Figure 8. The synchronous machine equivalent circuit: d-q self and mutual inductances.
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4. Direct Derivation of the Two-Axis Flux Linkage Equations

The flux linkage, used as a measure of the flux, may be resolved into direct and
quadrature axes as (Png, Pmq)- The induced voltage in coil A depends on its angular
position 3 and the flux linkage components. The voltage induced by (\,q) is —p(Pmg cosd
+1mq sind). Hence, the total internal voltage, opposing the voltage induced by the main
air-gap flux, is —p(Pmg cos® + Pmq sind). The current i, produces a leakage reactance drop
Lipia, where L; is the leakage inductance of the coil A. i, and i, produce the voltage drops
Lmpip and Lipic across the coil A. Ly, is the part of the mutual inductance between the
two armatures due to the flux, which does not cross the air gap; note that L, and L; are
independent of the rotor position.

The impressed voltage U is equal to the sum of the internal voltage due to the main

air gap flux, the drops due to t}ale local armature fluxes, and the resistance drop i,R,. Hence,
the related equation is as follows [20]:

Uy = P(Vmdcos B+ YmgsinB) + (Ra +Lip)ia —Lmpip, — Lmpic

= P(‘PdeOS B+ d’quin B) + (L1 +Lm)ia — Lmpia —Lmpi, — Lmpic + Raia

. . . . . . 12

= p(Wmdcos B + Ymgsin B) + (L1 + L) (igcos B + igsin p + is) +3Lmpis + Raia (12)
= p[(Uma + Laiq)cos B + (Wmq + Laiq)sinB] + Lspis + Raia

Lo = (Li+Lm),Ls =La— 8L, ba = Yma+ Laia, Wq = Ymg +Lalq g,

Ua= p[gcos B + Pgsin B] + Lspis + Raia

4.1. Direct Axis and Quadrature Axis Equations

The equation for a system of stationary mutually-coupled coils comprising the coils D,
Fj, D1..., and Dy, on the direct axis and the Q, F;, Q1, . .., Qm coils on the quadrature axis
can be written in terms of their self and mutual inductances.

The flux linkage (14) depends only on the direct axis current and is given by:

Vg = Lgaqisg + La,ala, + Ld,aid, + Laig + L, did,, (14)

where Ly 4, Ld,d, Lq,d4, and L¢qq are the mutual inductances between the coils Fq and D.
L4 is the complete self-inductance of coil D.

The voltage equations for the field and direct axis damper are determined below. The
field excitation voltage of D can be calculated as follows:

Utg = (Reg + Lgap) isd + Leda1P a1 + Lda2P id2 + LddmP Zdm + LtddP ia (15)

The coil voltage of D and D, are determined below by the Equations (16) and (17),
respectively.

0 =Lfga1p ita + (Ra1 + La1p) ia1+(Ra1a2 + Laid2 P) fa2 + La1dp id (16)

0 =Lfqa2p ita +(Ra1a2 + La1d2 P) ia1+(Raz + La2p) g2 + - - - +LaoaP ia (17)

where L4y, Lqp, and Lgg represent the self-inductance of coils Dy, Dy, and Fyq with the
damper coils. Figure 9 shows the coils of the two-axis synchronous machine. In many cases,
ugg, Py, ig may be eliminated by taking the Laplace transform. The relationship between
the Laplace transforms of u¢q, 4, and iq takes the following form:
G
(p) (18)

Xd(p) .
w0 14 + wo ugg

by =
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D, D.....D,,
. J - —> d axis
idZ

Figure 9. Coils of the two-axis synchronous machine.

The quadrature axis equations in the DESG are similar to those for the direct axis be-
cause of the quadrature field winding, and {4 depends on the quadrature axis currents [10]:

Wq = Lisgitq + Layqiq; + Layql, + La,qlq, + Laig (19)

where L, Lqiq, Ltqq and Lq_q are the mutual inductances of the coils Qy, Q, Fq, and Q
(damper coils), respectively, and L, represents the self-inductance of coil Q. The voltage of
the field excitation Q is calculated as follows (Equation (20)):

Ugq = (qu + Lffqp) itq + Ltqq1Piq1 + Ligq2P iq2 + LiggmPiqm + LigqP iq (20)

Instead, the voltage of the coil Q; is determined through the following equations:
0 =Lqqipiq + (Rq1 + Lqip) iqt + (Riqz + Lqiq2P) iq2 + - - - +LqigP iq (21)
0= (Rqiqz + Lqiq2P) iqt + (Rqz +L2p) iqz + - .- + LqzqPig (22)

4.2. Simplified Equations of the DESG with Two Field Coils and Two Damper Coils

For most DESGs, the equations used are those of the machine with one field coil
F;, and a damper coil Kp on the direct axis, and one field coil Fg and a damper coil Kg
on the quadrature axis. Therefore, the Equation (11) and related coefficients reported in
Tables 1 and 2 can be reduced to the three direct axis equations as reported below:

Vg = Lgaq ifq + Lakdika + La ia (23)
ugg = (Reg + Lggap)itq + LegkdPika + LaaPia (24)
0 =Ltakdifa+(Rid + Likd P) ikd + LdkdP ia (25)

In the quadrature axis, the Equations (19)—(21) can be reduced to three quadrature axis
equations, as follows:

Pg = quqifq + quqikq + Lqiq (26)

qu = (qu + LffqP) Z.fq + qukqp ikq + quqp iq (27)

0 :qukqp ifq+(qu + kaq P) ikq + quqpiq (28)
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5. Equations of the DESG Using Per-Unit Leakage Inductance

The equations from (20) to (25) become easier to handle when the quantities are
transformed on a per-unit basis. In addition, it is assumed that the three per-unit mutual
inductances on the direct axis are also equal, and the quadrature axis is equal. So we
assume that:

Ltdd = Liakd = Lakd = Lmd, and Lgq = Ligkq = Lgkq = Lmq (29)

Lmg and Limq represent the per-unit mutual inductances, and L, is the armature leakage
inductance. The self-inductance of each coil is the sum of the mutual inductance and the
leakage inductance:

Lq =Lig +Lna, Lq = qu + Lmq
Létqa = Litd + Lma, Ltg = Litg + Limg (30)
Likd = Likd + Lind, Lkkq = Likg + Lmq

Practically, the voltages Uyq and Uyq are almost equal to zero.

Vg = (Lind + Lid) id + Lindifd + Limdikd (31)

Usg = LindPid + [Red + (Lind + Lita)P] ifd + LimdPikd (32)
0 =Lndpid + LmdPita + [Rkd + (Limd + Likd) P] ika (33)
Py = (Lmq + qu) iq + Lingitq + Lmgikq (34)

Utg = LmgPiq + |Rig + (Lmq + Lifq )P itq + LmaPikq (35)
0 =LmqPiq + LmqPitq+[Riq+(Lmq + Likg) P] ikq (36)

The basic machine’s constants are specified below:

Ra: armature resistance.

R¢q: direct axis field resistance.

Ryq: direct axis damper resistance.

Rfq: quadrature axis field resistance.

Ryq: quadrature axis damper resistance.

Xmd = wo Ling: direct axis magnetizing reactance.

Xmgq = W Limq: quadrature axis magnetizing reactance.

The DESG equivalent circuits are given in Figure 10, while the equations related to the
six voltages are presented below (Equation (37)).

Ug = Raig + (Lind + La) S + Ling St 4 Lg%t
+(Lmq +La) wiq + Lmq W leq + Lmq W ikg
Ug = —(Lmd tLa) wig — Lind @ feq — Ling w ikd + Raigq
+ (Lmq + La) dlq + Lmq dzeq 4 Lmq dqu
Ued = Ling %t + Reieq + (Lna + Lf) dea 4 Lmd g 37)
Ueq = Lmq dt + Ryieg + (Lmg + Lf) gt T Lmg d:ikt
Uikd = Ling dt + Lmd dd + Ryt + (Ling + La) 2

di dieq diy
Ukq = Ling gt + Lmqgr + Riglq + (Lmq + qu) s
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Igt gt g iyt iy T g
Ry Ry Ry, Ry,
PV,

Lmdp Lkdp Lfdp Lmqp qup qup

o— i\
i - A aE
w b g i 1
|

! |
(a) (b)

Figure 10. The DESG equivalent circuits: (a) direct axis equivalent circuit, and (b) quadrature axis
equivalent circuit.

6. Experimental Results

The experimental configuration employs a 2.3 kW separately excited DC motor as a
turbine emulator, which is mechanically connected to a 2 kW synchronous generator. Within
the laboratory setting, a conventional synchronous generator undergoes modifications to
become a DESG (doubly excited synchronous generator). This transformation includes
the addition of an extra winding and the implementation of the AAR (automatic angle
regulator) properly designed to maintain a constant rotor angle, so ensuring system stability.
This result is achieved by comparing the output voltage of any phase with a reference signal
derived from the rotor. The primary parameters of the DESG employed in the experiments
are detailed in Table 3, while additional quantities and parameters associated with the
experiments conducted on the DESG can be found in Tables 4-8.

Table 3. Main technical features of the designed DESG prototype.

Parameter Value
Rated power of the DC motor (Prime Mover) 2.3 KW
Rated power of the DESG 2 KW
Rated voltage 380 V
Rated current 56 A
Rated frequency 50 Hz
Number of pair poles 2
Rated speed 1500 rpm
Rated torque 13.369 NM
Efficiency 0.94

Table 4. Parameters of the measured voltage when no load is applied (conventional generator).

Uph(V) I.n/ph oSO Eon (V) 0 P Q
220 - - 415 0° — —

Table 5. Parameters of the measured voltage with a load applied (conventional generator).

UPh(V) Ian/ph oSO Eon (V) On Pn (KW) Q,(KV)
220 3.55 0.86 415 32° 2 1.15
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Table 6. Parameters of the measured voltage with a load applied (provided by the DESG).

Eoq(V) Eoa(V) Upn(V) L/ph coson Eon (V) On P, (KW)  Q,(KVAR)
162 385 220 3.55 0.86 415 32° 2 115

Table 7. Parameters of the measured voltage with a half load applied to the under test DESG.

Eoq(V) Eoq(V) Upn(V) I./ph €OS0in E, (V) 0 P (KW) Q (KVAR)
60 309 220 1.75 0.86 315 22° 1 0.575

Table 8. Summary of results related to further different loading conditions for the DESG.

Capacitive Inductive Resistive Half-Nominal Nominal
Load (C) Load (L) Load (R) Load (Rygn-1) Load (Rn.L)

Eo (V) 100 340 308 315 415

Eoq (V) 18 21 177 60 162

Eoq (V) 98 339 253 309 385

V (V) 220 220 220 220 220
P (kW) 0 0.198 2 1 2

Q (kVAR) —1.15 1.15 0 0.575 1.15
6° 0 4 45 21 32
«° —87 80 0 30 30
0° 10 10 10 10 10

cos o 0.05 0.17 1 0.86 0.86

The voltage with no applied load is generated only by means of the direct excitation
coil, when the excitation current flows through it (Ieg = Ieqo), as shown in Table 4. Figure 11
shows the vector diagram in the no load condition (Figure 11a), and the voltage versus
time of the conventional generator with a load angle equal to zero (8 = 0°) (Figure 11b).

a4

U || e
Hl0=0
Au ' Pe i d
~— >
q
(@) (b)

Figure 11. The conventional generator testing with no applied load: (a) the vector diagram and
(b) the generated voltage versus time with a load angle 8 equal to zero.

When the conventional generator is connected to a load, specifically Ugq = 15 V and
Ieq = 1.6 A, the obtained results are summarized in Table 5. In this case, the vector diagram
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is displayed in Figure 12, while Figure 13 shows the detected voltage versus time of the
conventional generator with a load angle 6 equal to 32° (matching also with the rotor
angle o).

By @

0 4 L

K, =50V /cm
K, =1.25A /cm

Figure 13. For the conventional generator, a plot of the detected voltage versus time with a rotor
angle 5 (matching with 0) equal to 32°.

As already reported, the laboratory machine is transformed to the DESG by adding
an extra winding and using the designed AAR (automatic angle regulator) to keep the
rotor angle constant by comparing the output voltage of any phase with a reference signal
coming from the rotor. When loading the DESG with a full load, an excitation voltage is
applied to the indirect excitation coil (Ueq), and then a current Ieq flows through it to inject
active power into the load. In this way, the rotor angle can be maintained constant, and the
sinusoidal wave position of the output voltage (V) stays fixed.

For example, the rotor angle & can be kept constant at 10° by controlling the excitation
voltages, Ueq and Ueg, at 12 V and 9 'V, respectively, which induces the currents I,4, equal to
1.2 A, and Iy, equal to 1.8 A. The related parameters of the measured voltage with a load
applied are shown in Table 6. According to these results, the vector diagram is represented
in Figure 14; furthermore, Figure 15 shows the voltage versus time of the DESG with a rotor
angle () equal to 10°, and the load angle (0) equal to 30°.
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Yy — Vy ! P =2kW ,Q =1.5kVA
l//eo _l//eod +l//eoq q Q Q .

—_ o o7 e €0¢ U =220V ,0=32
Veoq = W¥Weoq T¥q N l,=6A,5=10°

. ’ _20° _
l//eod _l//eod +l//d a =30 ,Xd =72 Q

i . E, =415V ,
Ve =Weoaq + l//eoq

Figure 15. For the under test DESG with a full load applied, the plot of the detected voltage versus
time with the rotor highlighted (5) and load (8) angles equal to 10° and 30°, respectively.

However, when the DESG is connected to a so-called half load, by applying the
excitation values of voltage (Uegq = 15 V) and current (Io4 = 1.6 A), the obtained results are
summarized in Table 7. Figure 16 shows the graphs of voltage versus time, both relating to
an applied half load, provided by the conventional generator (rotor angle § = load angle
0 = 22°) (Figure 16a) and by the DESG (rotor angle 6 = 10°, load angle 6 = 22°). According to
these results, the vector diagram is shown in Figure 17. Finally, the obtained experimental
results related to further different loading conditions are summarized in Table 8.
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¥11DC

(a) (b)

Figure 16. Detected voltage versus time with highlighted rotor  and load 6 angles with a half load
applied, as provided by a conventional generator (6 = 8 = 22°) (a), and by the under test DESG
(5=10°, 0 = 22°) (b).

4 A
Weo Y

Figure 17. The vector diagram of DESG with a half load applied.

Connection of the DESG to the Grid

In the case of connecting the DESG to the grid, the developed solution is capable
of reaching the floating condition by the direct excitation modality. Moreover, the main
objective of the quadrature coil is to keep the rotor angle constant under loading so that the
system stability can be improved. Therefore, the open voltage is generated by the direct
excitation coil after the generator is connected to the grid (in this case, the magnetic flux
is not related to the rotor position). Thus, the rotor can take any position according to the
excitation current’s ratio (Ieq/leq)- The load angle 8 could be increased to the desired value,
increasing the generated active power and decreasing the reactive one. As a result, the
power factor will be improved and could reach unity. Thus, the g-axis could be known as
the power factor improvement axis.

The challenge of rotor angle stability involves investigating the intrinsic electrome-
chanical oscillations within power systems. A key aspect of this issue is how the power
outputs of synchronous machines fluctuate with varying rotor angles. Under normal op-
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erating conditions, a balance exists between the input mechanical torque and the output
electromagnetic torque of each generator, maintaining a constant speed. When the system
is disturbed, this equilibrium is lost, leading to the acceleration or deceleration of machine
rotors in accordance with the laws of rotating bodies. If a generator temporarily runs at
a different speed, its rotor angular position advances relative to the slower machine. The
resulting angular difference redistributes some of the load from the slower machine to
the faster one, influenced by the strongly nonlinear nature of the power angle relation-
ship. This action reduces the speed disparity and consequently the angular separation.
In the case of a conventional synchronous generator, as shown in Figures 12 and 13, the
continuous changes in the load angle depend on both the generator’s load and the rotor
angle. In the case of the DESG, the results obtained in this research work demonstrate that
the quadrature coil plays a crucial role in maintaining a constant rotor angle despite load
variations, enhancing the rotor angle stability, as shown in Figures 17 and 18.

q 4 “
U EO le =0
Al o=0
d
Ie ’¢e d
- L -
d
q
v q
(a) (b)

Figure 18. The vector diagram for the floating operation mode referring to the conventional generator
(6 = 6 =0) (a), and to the Dual Excitation Synchronous Generator (DESG) (0 =0, 6 = ¢) (b).

The following equations represent the floating case when connecting the DESG to the
grid (floating condition):

P=0,Q=0I1,=0,0=0 =Ey= U (38)
0=(0+¢)=0 =5=—¢ (39)

Egsin @cos § = Epcos @sind = tane = tand (40)

= @ =8 =tan ' (Ieq/leq) = tan *(Eoq/Eoq); U =Eo (41)

Figure 18 shows the vector diagram for the floating operation mode of the conventional
generator (Figure 18a) and the DESG (Figure 18b).

The conventional generator or DESG must be connected to the grid by a synchronizer,
an electrical arrangement used in the laboratory for successfully synchronizing the electrical
machine with the power grid. The electrical connections of the DESG when synchronized
to the grid by means of the synchronizer are shown in Figure 19a, according to the electrical
diagram realized in the laboratory. Furthermore, the synchronization unit employed in the
experimental tests is displayed in Figure 19b, specifically, the model MV 1903 manufactured
by the Terco company, Sweden. In Figure 19a, A, B, and C represent the three-phase
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terminals of the DESG, CB represents the three-phase circuit breaker, and finally, 1, 2,
and 3 correspond to the lamps that appear in Figure 19b, which ensure the success of the
synchronization process through a designated light sequence.

Grid

(b)

Figure 19. The electrical scheme, as realized in the laboratory for the experimental tests, with the

DESG connected to the grid through the synchronization unit (a); image of the used synchronizing
device, model MV 1903 manufactured by Terco company, Sweden (b).

Synchronization requires aligning the generator’s voltage magnitude, frequency, phase
sequence, and phase angle with those of the grid. Failure to comply with these conditions
could result in a significant flow of reactive power and potentially harmful mechanical
stresses on the generator. The synchronization process can be executed in two different
ways: manually or automatically, with the latter being the preferred choice due to its
ability to reduce the potential for human error. In the laboratory tests, if the synchronizer’s
voltmeter indicator dropped to zero, then the phase angle was correct. This result meant that
the frequency of the generated voltage was the same as the grid; therefore, the synchronous
generator was synchronized with the grid.

The grid voltage was characterized by a 218 V amplitude with a frequency of 49.4 Hz.
When the electric machine was in floating mode, the excitation voltage and current were
Uexd = 14.7 V and I g = 1.4 A, respectively. However, when the generator injected a power
P equal to 525 W (voltage and current values U = 220 V and I, = 2.4 A, respectively),
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the main excitation voltage was maintained constant, as well as the excitation current;
this is because the power injection was performed by increasing the torque applied to
the machine.

It is noted from Figure 20a that the temporal trend of the voltage is shifted from the
reference pulse by an 18° angle, namely the load angle, and it is equal to the calculated
value. This result is obtained without using the quadrature winding. While, by using the
quadrature excitation with the regulator AAR at the same power, the excitation voltage
and current on the g-axis were Ueyx; = 6 V and Iy, = 0.38 A, respectively, and the excitation
voltage and current on the g-axis became U,,; = 13.4 V and I,y =1.35 A, respectively. As a
result, the rotor angle 6 was kept constant at the value of 10°, as shown in Figure 20b.

@) (b)

Figure 20. Voltage trend over time for the (a) conventional generator (rotor angle & = load angle
0 =18°), and (b) DESG (rotor angle 5 equal to 10°, load angle 6 equal to 18).

The following vector diagram illustrates how the power P and Q increase with in-
creasing E. In many cases, the changes in P and Q depend on E, by the amount of £AE, as
shown in Figure 21.

U
AEB l Eod i
AQ
Eo d‘
” I
L/ 9 -
2 L,
o
| <
E =o0q
—=o0q A 471‘] < I’I
— l— PO < » B) E
- > AP '« > - >

AP
@) (b) ()

Figure 21. The variation of P and Q: (a) AE, increase in the direction of E,, = AP, AQ increase,
(b) AE, increase perpendicularly on U = AP increase only, (c) AE, increases in parallel with the
U = AQ increase only.
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7. Results Discussion

Referring to the vector diagrams for all the loading cases (Figure 21), we can observe
that the magnitude and angle of the flux ¢, remained constant, regardless of the loading
angle. This result is due to the presence of the quadrature winding, which generates the
magnetic flux compensating for the actual flux of the armature reaction. Thus, the load
angle can be changed and the generated power will change accordingly, keeping the rotor
angle & constant; this operation can be executed by controlling the angle ¢ (by using the
following relations tand = Eq/Eq and 0 = ¢ + §). Consequently, the stability angle ¢ is
independent of the load angle.

Equation (3) represents the relationship of the active power in the DESG as a function
of the rotor angle (5). As the value of ¢ is small, the first component of this equation is
negligible, while the second component is the most significant. Hence, almost all the power
generated is obtained from the second term, which represents the power delivered on the
g-axis, obtaining the following expression:

P = mUKjqleq (42)
The same considerations can be applied to Equation (4):
Q = mUKjgleq — mU?*/Xq (43)

Any change in the generated reactive power is regulated by the excitation current I,; of
the longitudinal direct winding, or simply the reactive power winding, in which the reactive
power can be controlled for leading and lagging any loads. The variation of the P and Q
depends on E, through the amount of £AE. In the DESG machines, the value of E, can be
changed by changing E; or Ej, e.g., by increasing Eg, E, will be increased perpendicularly
to the U direction, and the generated active power P increases as well. Conversely, when E;
is changed, E, will be changed in the direction parallel to the voltage U direction, and the
generated reactive power Q increases. During normal operating conditions, the variation of
E, is in an undefined direction, and P and Q vary simultaneously. Thus, the other excitation
winding provides the generator with greater flexibility to regulate and control the active and
reactive power separately. When the generator is connected to the network, the developed
solution is capable of keeping the rotor angle fixed, whatever the actual injected power, by
controlling the excitation voltage of the perpendicular winding. The main disadvantage of
DESG is the increased cost due to the automatic control system necessary.

In summary, the approach adopted in this paper relies on laboratory experiments. The
conventional synchronous generator underwent modification by introducing an additional
excitation winding along the g-axis, perpendicular to the conventional excitation winding
along the d-axis, enabling control over both active and reactive power. Two orthogonal
excitation coils, d and g, were created from the existing coils, and the experimental tests
were conducted across all loads with a fixed rotor angle (i.e., stability angle ). The research
study utilized two laboratory models: The first involves a 2 kW capacity DESG driven by
a DC motor simulating a wind turbine. The mechanical coupling proposed in the paper
was implemented in this experimental setup between the two machines. The second model
is a three-phase laboratory machine with a nominal capacity of 2.3 KVA. Experimental
tests were conducted on all loads using a three-phase synchronous generator driven by a
DC motor, and mathematical equations were derived to develop a mathematical model.
The paper investigated and compared the performance of the DESG with a conventional
synchronous generator. The experimental findings affirm that the DESG enhances the
generator stability significantly by maintaining a constant rotor angle 6. The developed
solution necessitates the use of an automatic angle regulator (AAR) in addition to the
conventional automatic voltage regulator (AVR).

The key findings obtained throughout the research work are as follows:

1.  Developing two laboratory models: The first is a synchronous generator with a 2 kW
capacity, specifically a double excitation cylindrical generator, where the electrical
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circuit was rewound to form two excitation coils. This generator was driven by a DC
motor representing the wind turbine, with the generator and motor linked through the
mechanical coupling developed in this research. The second model is a three-phase
laboratory machine with a nominal capacity of 2.3 KVA. Two perpendicular excitation
coils, d and g, were formed from the existing coils, and tests were carried out on all
loads, ensuring that the revolving angle (namely the stability angle ¢) was fixed.

2. It has been proven that it is possible to modify the load angle and adjust the generator
capacity accordingly while ensuring the rotor angle () constant. This means that the
stability angle ¢ is decoupled from the load and, consequently, from the generated
power. The generator consistently maintains its rotation at the designated synchronous
speed, unaffected by the employed load. In other words, both the rotational speed
and frequency remain unchanged regardless of the generator’s load.

3. Upon connection to the grid, it is possible to maintain a constant rotor angle, re-
gardless of the injected power, by regulating the excitation voltage applied to the
cross-excitation coil.

4. It is now feasible to independently control both the real and reactive power (for
the latter, relating to both types of loads, capacitive or inductive), independently.
Additionally, the regulation of the power factor (and its consequent improvement) has
become achievable.

5. The manuscript provides a complete description of the electrical generators discussed
and all the mathematical relationships and performance curves, which have also been
validated through experimental testing. Furthermore, to further highlight the results
presented and the scientific value of the research work, keep in mind that most of the
published research on dual excitation generators is primarily theoretical and lacks
support from laboratory experimentation.

6. The potential to employ the suggested innovative approach for directly connecting the
wind turbine-driven synchronous generator to the grid is noteworthy. This innovative
solution would eliminate the need for additional electronic components and reduce
the occurrence of malfunctions during prolonged and uninterrupted operations.

7. Implementing this method could result in substantial cost reductions, potentially
reaching 15-20% of the generator’s overall price. These savings stem from the adop-
tion of the designed mechanical coupling, which replaces the conventional use of
inverters for frequency correction. The estimated cost of the electronics replaced by the
innovative mechanical coupling accounts for approximately 15-20% of the total cost.

8. Conclusions

It is important to mention that the primary drawback of the presented solution is the
rise in expenses associated with the automatic control system. In exchange, numerous
benefits have been achieved, among which, above all, is the enhancement of the static
and dynamic stability coefficients, particularly under lighter and capacitive loads, and
a high level of reliability in delivering the necessary power across various operating
conditions. Furthermore, the direct connection of the synchronous generator to the grid
was achieved without the need for any power components or converters. This connecting
method ensures a consistent generator output voltage, maintains a constant frequency
aligned with the network frequency, and guarantees a pure sine wave output voltage.
When applied to wind turbines, these characteristics remain unaffected by changing wind
speed. The described mechanism was successfully implemented for both DESG and
conventional synchronous generators, as detailed in the manuscript. When applied to the
wind generator, the proposed technique allows for avoiding the integration of a power
converter for transferring power into the power grid, thus improving the system’s reliability.
The only drawback of the proposed method is the need for an automatic control system
to modulate the signals on the quadrature coils and manage the power transfer into the
electrical network.
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As future steps of the proposed solution, we will test the developed control strategy
in a real scenario, that is, in a medium-sized wind generation system with a low kilowatt
power output, validating its capability to independently control both the real and reactive
power under changing grid parameters over time. In more detailed future research, our aim
will be to determine the technical performance of the developed solution employed in a real
application, taking into account the variability of the wind and the operating conditions,
and to exactly evaluate with the wind plant’s managers the advantages of the proposed
solution, also in economic terms, compared to the standard solutions implemented so far
for connection to the electricity distribution network.
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