iriried applied
L sciences

Article

A Tutorial on Dynamics and Control of Power
Systems with Distributed and Renewable Energy
Sources Based on the DQO0 Transformation

Yoash Levron *(, Juri Belikov 2(” and Dmitry Baimel 3

1" The Andrew and Erna Viterbi Faculty of Electrical Engineering, Technion—Israel Institute of Technology,

3200003 Haifa, Israel

Department of Computer Systems, Tallinn University of Technology, Akadeemia tee 15a,
12618 Tallinn, Estonia; juri.belikov@ttu.ee

Shamoon College of Engineering, 84100 Beer-Sheva, Israel; dmitrba@sce.ac.il

*  Correspondence: yoashl@ee.technion.ac.il; Tel.: +972-4-829-5923

check for
Received: 24 August 2018; Accepted: 14 September 2018; Published: 14 September 2018 updates

Abstract: In light of increasing integration of renewable and distributed energy sources,
power systems are undergoing significant changes. Due to the fast dynamics of such sources,
the system is in many cases not quasi-static, and cannot be accurately described by time-varying
phasors. In such systems the classic power flow equations do not apply, and alternative models
should be used instead. In this light, this paper offers a tutorial on the dynamics and control of power
systems with distributed and renewable energy sources, based mainly on the dg0 transformation.
The paper opens by recalling basic concepts of dq0 quantities and dq0-based models. We then explain
how to model and analyze passive networks, synchronous machines, three-phase inverters, and how
to systematically construct dq0-based models of complex systems. We also highlight the idea that dg0
models may be viewed as a natural extension of time-varying phasor models, and discuss the correct
use and validity of each approach.

Keywords: power systems; renewable energy; dq0 transformation; dynamics; power flow;
time-varying phasors

1. Introduction

Power system dynamics is an important part of power system theory in general, and a subject
that must be well understood to support the world growing energy demands [1]. Recently, due to
increasing integration of fast renewable and distributed energy sources, power systems are undergoing
significant changes. One of the main barriers for integrating renewable sources today is that the
impact of these sources on the system dynamics and stability is not yet fully understood, where several
systematic issues are power balancing, low system inertia, and stability [2-5].

Traditionally, the system dynamics is largely governed by the response of synchronous generators
with high rotational inertia, and as a result, dynamic processes are analyzed based on the approximation
of time-varying phasors [4,6-8]. A key assumption in time-varying phasor models is that transients
are relatively slow in comparison to the system frequency. However, this assumption may not hold if a
significant amount of power is being generated by renewable and/or distributed energy sources with
low inertia. In this case, the system cannot be modeled using time varying phasors, and alternative
models should be used [9,10].

One alternative to time-varying phasors are models that are based on Direct-Quadrature-Zero
(DQO) transformation. Similarly to time-varying phasors, dg0 models lead to time-invariant models,
with well-defined equilibrium points. The dq0 transformation is also accurate, since it preserves the
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information of the original signals, and therefore describes the system well at high frequencies [11-13].
Due to these advantages, several recent works present models that are based on dq0 signals. A few
examples are synchronous machines [13-15], renewable energy sources [16-19], microgrids [20-22]
and complete networks [20,23,24]. See [25] for a more detailed survey.

In light of these developments, this paper is a tutorial to power system dynamics, based on the
dq0 transformation. We recall basic concepts of this transformation, and explain how to model essential
components such as passive networks, generators, and inverters, and how to systematically construct
dq0-based models of complex systems. We also discuss the relations between dg0-based models and
classic time-varying phasor models. Specifically, we highlight the idea that dq0 models may be viewed
as a natural extension of time-varying phasor models, and discuss the correct use and validity of
each approach. The material presented in this paper summarizes the results of several recent works,
for instance [11,20,22-25], and rearranged to be accessible at the undergraduate level.

2. Basic Concepts of DQO0-Based Models

What type of model is most suitable for studying the dynamics of a specific system?
First, the model must be chosen according to the time-scale of the phenomena studied.
An established practice in the power systems field is that time-varying phasor models are sufficiently
accurate as long as phasors are slowly changing in comparison to the system frequency [10,26].
However, when analyzing fast dynamic phenomena, the assumption of quasi-static phasors may be
inaccurate [23,27]. In such cases the system should be studied by means of transient models,
which may be based on either abc or dg0 quantities [28].

As we shall see in this section, the dq0 transformation leads to both an accurate representation of
transient phenomena, and static signals at steady state. Similar to time-varying phasors, the dq0
transformation maps sinusoidal signals to constants. However, unlike time-varying phasors,
this mapping is accurate, and does not rely on the assumption of a quasi-static network. Moreover,
the resulting model typically has well-defined equilibrium points. Due to these properties, dq0 models
are useful for modeling fast dynamic phenomena, and enable analysis of complex transients.
The relations between different types of dynamic models are presented in Table 1.

Table 1. Comparison of approaches for dynamic modeling.

Model Operating Point  Small-Signal High Frequencies Non-Symmetric Networks
time-varying
phasors v v X X
abc X X v v
dg0 v v v X

2.1. Basic Definitions

The dg0 transformation and its inverse are defined as in [28]

cos(0) cos(0—Z)  cos(0+ &)

T9:§ —sin (6) —sin(@—%”) —sin(@—i—%”) 1)
% % %
and
cos (0) —sin (0) 1
Te_lz cos ( —ZT”) —sin ( —%“) 1] . )

cos(9+%ﬂ) —sin(9+27”) 1

Note that several variations of (1) are available in the literature [2,20,29]. The angle 6 is called
here the reference angle or reference phase, and we will discuss different selections of it in the following
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sections. Direct multiplication of these matrices reveals that Ty T, 1= T, 1Ty = Iy3. Other useful
identities are provided in Appendix A.

The dq0 transformation maps three-phase signals in the abc reference frame to new quantities in a
rotating dq0 reference frame. Denote X, = [X4, Xp, Xc] T and Xaq0 = [Xa, Xq, x] T, then Xaq0 = ToXp and
Xape = Ty 1xdqo, where the subscripts d, g, and 0 represent the direct, quadrature, and zero components.
A fundamental property of the dq0 transformation is that it maps symmetric AC signals to constants.
For instance, consider a three-phase voltage source modeled as

vg = Acos (wst) + B,

2
v, = Acos (wst— ﬂ) + B,

3 ®3)
2
v = Acos (wst—i- ;) + B.
Using the inverse transformation T, L with 6 = wst, itis easy to see that
Vg cos (wst) — sin (wst) 1| A
vp| = |cos (wst — 27”) — sin (wst — 27”) 1] |0}, (4)
Ve cos (wst +2F)  —sin (wst+2F) 1| |B

and therefore v; = A, v; = 0, vy = B. The sinusoidal signals in the abc reference frame are mapped to
constant signals in the dg0 reference frame (see Figure 1).

abe signals

50
2
w0
'ZS Vd
éb 1+ Yq
- vy
<
0 1 I I | )
0 10 20 30 40 50

Time [ms]

Figure 1. Mapping of sinusoidal abc signals to constant dq0 signals.

2.1.1. Modeling Resistors, Inductors, and Capacitors

We will now develop the basic dg0 models of linear passive components. These will help us
understand the models of more complex units [30-32]. To begin, we need the following definitions:

e Recall that balanced three-phase signals are sinusoidal signals with equal magnitudes,
phase shifts of £120°, and a sum of zero.
e  We say that a power network is balanced or symmetrically configured if balanced three-phase

voltages at its ports result in balanced three-phase currents, and vice versa. Two examples are
shown in Figure 2.

In this paper we use the term balanced when referring to signals, and symmetrically configured
when referring to networks and systems. The following discussion focuses on networks that are
symmetrically configured. Networks which are not symmetrically configured will be discussed next.
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Figure 2. Example of symmetric and non-symmetric configurations. (a) Symmetrically configured
network; (b) Network with a non-symmetric configuration.

Assume a symmetrically configured three-phase resistor R, which is modeled as

Uy i
Op| = R ib . (5)
Ve ic

Multiply both sides of the equation by the dg0 transformation Ty (from the left) to obtain

(%] g
vg| =R |ig] - (6)
(0 )

This is the dq0 model of a symmetrically configured three-phase resistor. Now assume a
symmetrically configured three-phase inductor L, which is modeled as

Uy i

d |.
vp| = La iy - )
Uc ic

The relation [is, i, i.]T = Tgl[id, ig, io] T provides

Ug d 7
_ 1 |
Uc Ly
Using the derivative product rule yields
Ua d Id
d -1 . -1 d .
Ve ig io

By direct computation, it can be verified that the derivative of the inverse dq0 transformation is

d 1 —1
ol =-T'w (10)
with
0 Lo 0
w=|-4%0 0. (11)
0



Appl. Sci. 2018, 8, 1661 5 of 48

Substitute these expressions in (9) to obtain

Vs ig d i
vp| = —LTg "W |ig| + LTy < Jig | - (12)
Uc io io

Now multiply from the left by Ty and rearrange terms to get

4 |k fa| |V
a ig| =W lig| + I vg | - (13)
io i() 0o

This is the dg0 model of a symmetrically configured inductor. The explicit expressions are

ii —%i —I—lv

at? a1 L

d dé 1

da, a6, 1 14
ar' TR (14
d. 1

aro - L

Note that the quadrature component affects the direct component, and vice versa. Similarly,
the dynamic model of a symmetrically configured capacitor C is

v v i
d d d d

1.
5 |Ya =W |y +E ig| - (15)
() 0o io

2.1.2. Power in Terms of DQO Quantities

Assume a general three-phase unit, as described in Figure 3.

Unit

Figure 3. Three-phase unit connected to the network.

The instantaneous power flowing from the unit into the network at time ¢ is

P3p = Valg + Oplp + Vel (16)
Rewrite this equation as
, T .
Iy Uq Id
P =[on vy o ] = [T |og| | T |ig
i 4 i
¢ 0 0 (17)
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By direct computations, it can be verified that

10 0
AT, 3
(T91) T,'=510 1 of, (18)
00 2
and therefore
) 1o o] [u]
P3¢:§[vd v vo} 0 10| |ig| =35 (vaia+ogiq +200i0) (19)
0 0 2| i

This expression defines the total instantaneous power in terms of 440 quantities.

2.1.3. Energy in Terms of DQO Quantities

Assume a symmetrically configured three-phase inductor, with currents i,, iy, i;, as shown in

Figure 4.

i L

Vg1 @ NYY\________ o Ug2
i L

Up1 e Y o Tpo
i L
C

Vel o N\ o Uc2

Figure 4. Symmetrically configured three-phase inductor.

The total energy stored in the inductor is

1 /0 02, .
E=ZL (zﬁ +i2+ zf) , (20)
2
Rewrite this expression as
T T
1 1g 1 1q 1q
_ : _ ~1 ~1
E= EL [za ip 16} zb = EL T, ;q T, ;q
c 0 0 (21)
la
1 N\ T |
= EL |:Zd lq 10:| (TG ) TG l.q
1o

Again we use the identity (18) to obtain

3 1 0 0 g
E=3L [id iy io} 0 1 0 |if], (22)
0 2 1o
or equivalently,
3 (2, 2,2
E=3L (zd +i2 +210) . (23)

Similarly, the energy stored in a symmetrically configured three-phase capacitor C is

3 2 2 2
E=3C (vd + o2+ 200) : (24)
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In addition, we will now show that the derivative of energy is power, as expected. Referring to
the circuit in Figure 4, the product rule yields

d o dld d q dlo

Now, using the dynamic model of the inductor in (14),

d 3.1, /7.d60 1 . d9 1 . (1
aE = leld <1th + E(Ud,l - Ud,z)) + 1 < lg—; dt (Uql Uq,2)> + 20 <L(UO,1 - UO,2)>1/ (26)

or more simply,

d 3 . . . 3 . . .
aE =5 (vd,lld + Vg1l + 200/110) —5 (Ud,Zld + Ug21y + 200/210) , (27)
which is identical to d
—E=P—P,. 28
T 1— P> (28)

The change in stored energy is equal to the sum of powers flowing into the inductor.

2.2. Modeling General Linear Networks

This section presents a relatively simple method to develop dq0 models based on prior knowledge
of the system dynamics in the abc reference frame [23]. Let x represent the state vector of the system
in the abc reference frame, and use the compact notation X, = [X51,Xp1, Xc1, - - -, Xam, Xp s xc,m]T.

Define the abc model 4

dt

and the composite dg0 transformation and its inverse as

Xabe = Axabc + Bu, (29)

Ty 0 T, ! 0
A9: 4 A;l: ’ (30)
0 Ty 0 T,!

such that x50 = AgXape, Xape = g 1xdq0. Substitute these definitions into (29) to get

d ;1 d
T (Ag ) Xago + g ' 350 = AR xag0 + But. (31)
Derivative of the inverse dq0 transformation is given by % (Ae_l) =—Ay 'W., where
144 0 0 d6 0
W, = , W=1|-%6 0 of. (32)
0 w 0 0 O
Substituting this expression into (31) results in
a4 = (A AA—1+w)x + AgBu (33)
dt dq0 0 9 ¢ | *dq0 oOHU.

This equation describes the dynamics of the system based on dg0 quantities. Note that in general
this model depends on 6(t), and is not time-invariant. However, for the special case of symmetrically
configured networks, it is typically true that AgA = AAy, and therefore Equation (33) takes the form
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d
axdqo =(A+W,) Xdq0 + AgBu, (34)

which often results in a linear and time-invariant model. As an example, consider the circuit in Figure 5.

L R

Vsl &—— "N AAAA—>—8 Tg2
L R

Up,1 @——"""N—AAA——e Tp2
L R

Vel e—— "N AMA—>— U2

Figure 5. Example—symmetrically configured RL transmission line.

The network dynamics in the abc reference frame is

d 1:11 R 1 00 1:11 1 Ug,1 — Vg2
Gl =7 |01 O i+ o1~ ve2], (35)
i 0 01 ic Uc,1 — 0c2

In this example Ay = Ty. As a result, the dynamic model in the dg0 reference frame is

d . .
aldqo =(A+ W)lqu + AgBu, (36)
which yields
d id id Ug1 — Ug2
I ig| = (A4+W) |ig| +TyB |vp1 —vpo |, (37)
) io Ue,1 — Uc2
. d .
q | R 100 % g9 0 ld Vg1 — Vg2
a l.q = _f 01 0|+ —ag 0 0 l'q + ZT@ Up1 — Op2 | - (38)
10 0 01 0 0 0 10 Ue1 — Uc2
This last equation can be written as
q | - d% %g 0 | |ig 1 P21 — a2
T l‘q =|-w? -1 OR z‘q + I Vg1 — Vg2 (39)
io 0 0 —11 | Y01 — Yo,2
and choosing the reference frame such that %9 = ws leads to
R .
4 |4 -7 ws 0 ig 1 |va1—vap
a g| = | —ws —% 0 ig| + T %91~ 92 (40)
io 0 0 —Rli 0,1 — o2

The resulting model is linear and time-invariant.

What happens if the network is not symmetrically configured? Assume now that the
network is changed, such that the inductances are L, L, and 2L. In this case the equality AgA = AAy
no longer holds, and the resulting model is nonlinear and time-varying, since the term AgAA(;1
changes with 6(t).

As another example, consider the circuit in Figure 6. The voltage sources on the left represent the
secondary side of a transformer, and the sources on the right represent the primary side of another
transformer. The objective is to study the effect of the resistors R and Ry ».
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Figure 6. Example—linear network with mutual ground resistances.

The model in the abc reference frame is

d. . S

Lala = —Rig — (Rg1 + Rg2) (ia + iy +ic) + (4,1 — Va2),
d. . .

Lalb = —Ri, — (Rg,l + Rg,z)(lg +ip+ic)+ (vb,l — Ub,z), (41)
d. . L

Lalc = —Ric — (Rg1 + Rg2)(ia +ip +ic) + (ve1 — vc2)-

Direct computations yield

-k 0 0
AAN = 0 —F (42)
R+3(Rg1+Ry0)
0 0 ———f—=2
Assuming df/dt = ws, and using (33), the dq0 model becomes
d . R. . 1
T Tk + wstg + Z(vd,l —042),
d . ) R. 1
Elq = —Wslg — flq + Z(vq,l - Uq,Z)/ (43)
= “ LR 3Ryt + Rea))io + L (001 — 002)
TR g1 g2))i0 + 7 (o1 02)-

Note that in this case AgA # ANy, nevertheless the resulting dg0 model is linear and
time-invariant.

The expressions for iy, i; are identical to the expressions in (40), and are unaffected by the mutual
resistors R 1 and Ry ». These resistors affect only the zero component, which according to (1) represents
the average current ig = 1 (is + i} + ic). Specifically, if Rq1+ Rgp — o0, the average current iy tends to
zero, but iy, i; are unaffected.

This example may explain how a transformer with isolation between the primary and secondary
coils helps to balance the system, by attenuating the current zero component.

2.3. Comparison of Time-Varying Phasors and DQO Models

This section shows that dg0 models are a natural extension of time-varying phasor models,
and explains the underlying link between these two approaches [11].

To present the quasi-static model and dq0-based model using similar terminology, we first need
to establish the relationships between dg0 signals and time-varying phasors. Assume a unit with
balanced three-phase AC voltages given by
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va(t) = A(t) cos (wst + (1)),
op() = A(#) cos <w5t+1/1(t) - 2;) )

oe(t) = A(t) cos (w () + 2;‘) .

Assuming that variations in the magnitude A(t) and phase (t) are slow in comparison to the
nominal system frequency ws, these voltages may be represented by the time-varying phasor
V(t) = @eﬁ#(f). (45)
V2
In addition, based on (2) with 6(t) = wst, and using trigonometric identity cos(a + ) =

cos(a) cos(p) — sin(w) sin(p),

vl [ A(t)cos (wst + (1))
= | A(t) cos (wst +p(t) — 3F)

Up
v cos (w 2n
c :A(t) ( st + lP(t) + 3 ) (46)
cos (wst) — sin (wst) 1| |A(t) cos (p(t)) V4
= |cos (wst — FF)  —sin (wst — FF) 1| |A(t)sin (p(t) | = T} |vq|
| cos (wst—l—%ﬂ) —sin (wstﬁ—%”) 1 0 v
and therefore
va(t) = A(t) cos(ip(t)),
vq(t) = A(t)sin(y(t)), 47)

Z)Q(f) =0.

Note that in this paper quasi-static systems are assumed to be balanced, and therefore vy (t) = 0.
Following (45) and (47), if the system is quasi-static, time-varying phasors relate to dq0 quantities by

() = Z2em0 = 2 (cos(p(t) +jsin(p() = = (al) +iex(t) 69

or alternatively,

va(t) = V2Re{V (1)}, v,(t) = V2Im{V(t)}. (49)

Using this result, in a quasi-static system, the powers, amplitude and phase relates to dgq
quantities by

P(t) =Re{V()I"(t)} = 5 (va(t)ia(t) + vg(t)ig(t)) ,
Q(t) =TIm {V(OI*(5)} = 5 (vq(D)ia(t) — va(t)ig(£)),

V(2 =Re (V()) +Im (V(1)}? = 2 () +23(1)),
LV (t) = atan2(vg, vg).

[ = N =

(50)

Assume now a symmetrically configured linear network with N buses. The network is described
by the admittance matrix Y(s). In a quasi-static system, the network equations are given by

I=Y(jws)V. (51)

This can be rewritten as
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Re{I} = Re{Y(jws)} Re{V} —Im{Y (jws)} Im{V},

- . (52)
Im{I} = Re{Y(jws)} Im{V} +Im{Y (jws)} Re{V},
or equivalently
Re(1}] _ [ReY(jw)} —~Im{¥(jw)}] [Re{V} -
{1} = [Im{Y(jws)} Re{Y(jws)} | |m{V}]"

This expression applies only to a quasi-static network. Note that the admittance matrix is constant,
and is evaluated at a single frequency s = jws.

We will now generalize this result, and obtain an equivalent expression for a network that is not
quasi-static. Define the dq signals v ,,, Ugn to be the voltages on bus 1, and iy ,,, iq,n to be the injected
currents into bus n. In addition, define the vectors V; = [v,4, ..., vd,N}T and I = [ig1,..., id/N]T, etc.
Using a reference angle 0(t) = wst, the network is described by

[Ms)] _ [ Ni(s)  jNa(s)

Lis)| ~ |—jNa(s)  Ni(s)

Va(s)

, 54
Vi (s) (54)

where

Ni(s) == 5 (Y(s +jws) + Y (s — jws)),

_ N =

(55)
Na(s) = 5 (Y(s +jws) = Y(s — jws)),

A proof for these equalities is provided [24]. This model applies to any symmetrically configured
linear network. At low frequencies, assuming s — 0, it may be verified that

(Y(jws) +Y(—jws)) =

(Y(jws) = Y(—jws)) =

(Y(jws) + Y (jws)) = Re{Y(jws)},

(Y(jws) = Y*(jws)) = jIm{Y (jews) },

(56)

N~ N[~
NI—= N =

and therefore the dg0 model in (54) and the quasi-static model in (53) are equivalent. This result
explains why dq0 models may be viewed as an extension of quasi-static models.

In other words, quasi-static models use time-varying phasors, and are therefore accurate only at
frequencies much lower than w;s. In comparison, dg models are accurate over a wider frequency range.
For s — 0, both models are equivalent [11]. As an example, consider again the symmetrically
configured three-phase inductor, which dynamic model is given in (14). Assuming 6 = wst and vg = 0,

. d.
vg = —wsLig + Lald’
4 (57)
vy = wsLig + Lazq.
This is the accurate model of a symmetrically configured 3-phase inductor. In addition,
the admittance matrix describing the inductoris Y = 1/ (jwsL), and the quasi-static model is I = ]wﬁ V.
By taking the real and imaginary parts of the equation, and using the relations between dg signals and
phasors in (49), equivalent expressions for the quasi-static model are

vy = —wsLig, (58)
vy = wsLiy.

Direct comparison of (57) and (58) reveals that both models are similar, except for the additional
time derivative terms in the dqg model, which describes high frequency effects. At low frequencies,
when these time-derivatives are negligible, the two models are identical.
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Remark 1 (Equilibrium points). For balanced systems, since quasi-static models and dq models are equivalent
for s — 0, the equilibrium points of both models are the same, and may be computed by solving the system’s
power flow equations.

2.4. Summary of Power Definitions

We will briefly recall the power expressions obtained so far. The (total) three-phase power of a
unit is given by

. . . 3 . . .
Py = Uaig + Oplp + Vel = > (v4ig + vqiq + 200ip) , (59)

where v,i,4, v4ip, and vcic are the instantaneous single-phase powers, and Py is the instantaneous
three-phase power. These equalities are mathematical identities (not approximations). In addition,
if the system is quasi-static, then the active power is the average power over a line cycle
(of a single phase):

H+T/2 t+T/2 H+T/2 q
(1)i (1)dr, 60
T/T/z o(Tial T/T/Z T/T/Z el ) (60)
where T is the period of the AC signals.
The active and reactive powers relate to dq0 quantities by

P(t) = Re{V()I*(t)} =
Q(t) =Im{V()[*(1)} =

( a(t)ia(t) +vg(t)ig(t)),
(0g(B)ia(t) —v4(t)ig(t)) -

(61)

N\»—\N\

Moreover, since we assume that quasi-static systems are balanced, the instantaneous (three-phase)
power is constant over a line cycle:

. . . 3 ) ) .
Psp = 0glq + Opip + Vcle = 5 (vaig + vgig + 200ip) = 3P(t). (62)

This last equality is one of the greatest advantages of three-phase systems. While a single-phase
system provides alternating power, a balanced three-phase system provides constant power over
a line cycle. As a result, three-phase devices with constant power output do not need to store
significant energy, and can be made small and efficient. This idea is illustrated in Figure 7.

Valg Uplp

/

Valg + Ubib =+ =3P

Figure 7. While a single-phase system provides alternating power, a balanced three-phase system
provides constant power over a line cycle.



Appl. Sci. 2018, 8, 1661 13 of 48

2.5. Example—Modeling a Network Based on DQO Quantities

In this example we consider a linear network containing an ideal power source connected to
an infinite bus (voltage source with a constant amplitude and frequency), as described in Figure 8.
We will show that the quasi-static model describing this system has no dynamic states, and therefore
provides no information regarding the system stability. In addition, with no resistor and no capacitor
(R =0, C = 0), an accurate dq0 model shows that the system is unstable. We also provide an explicit
value for C for which the system is stable.

©) 0

ig,ig

R’“[“Ci
1

infinite bus

Figure 8. Ideal power source connected to an infinite bus (single-phase diagram).

Consider the following system data:

e  The network is symmetrically configured.
e  The sources are balanced (equal amplitudes, 120° between phases, vy = 0).
e Based on (61), the power source is defined by

1 . .
E(vd,lld +0g1iq) = P,

1 , .
5 (V9110 = v4aig) =0,

(63)

meaning that under a quasi-static approximation the active power is P, and the reactive
power is zero.

e  The infinite bus has an RMS voltage of Vg, and a frequency of ws.

e We use a dq0 transformation with a reference angle 6(t) = wst.

The quasi-static model has no dynamic states. The voltages, currents and powers may be found
by solving the power flow equations, where bus 1 is a PQ bus (P, Q known, |V|, § unknown), and bus 2
is the reference bus (| V|, § = 0 known, P, Q unknown). Since the quasi-static model does not describe
the system dynamics, it provides no information regarding the system stability. Even if the power flow
equations has a solution, the system may be either stable or unstable.

We will now describe the accurate system dynamics based on dg signals. The following analysis
shows that if R = 0 and C = 0, then the system is unstable. The infinite bus is described by

Vi, = V2V, ,
a2 8 (64)
Uqg =0.
Using (14) with 8 = wst, the inductor is described by (remember that R = 0)
d, . 1
ald = Wsly + Z(Ud,l - Ud,z)/
(65)

. . 1
Elq = —wsly + Z<Uq'1 — Z)qrz).

The power source is modeled as in (63). We choose to view it as a controlled voltage source.
To this end, solving (63) with respect to the voltages yields
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Ud,l o 2P
vg1| g +i3

Combination of (64)-(66) provides the (nonlinear) state-space model

i.d] . (66)

lg

gi wsi —i—g fa _ﬁVg
T A A
. (67)
gi wsi —I—g &/
de 1 std Ll?l"'_l%

The Jacobian of this model at an equilibrium point (i4,7;) is

2 2 S
_2 ld*l,7 ; (4)5 _ Q 1d111 ,
L 2 =2 L 2 2
1+1 15+1
A= (d qf),, 72<f2 q) . (68)
—Ws — 48 __d4 2 2P MY 2
L (2§+2§) L (?§+?§)

The poles of the system are found by computing the roots of the characteristic polynomial, which is
given for a second-order system by

s2 —Tr(A)s + det(A) =0, (69)

where Tr(A) is the trace of A, and det(A) is the determinant of A. It is easy to verify that Tr(A) = 0,
and therefore, the poles are 51, = ++/det(A).

e Ifdet(A) > 0, there is a pole in the right half of the complex plane, and the system is unstable.
e Ifdet(A) <0, there is a complex conjugate pair of poles on the imaginary axis, and additional
analysis in simulation reveals that the system is unstable.

Why is the system unstable with zero resistance and capacitance? One explanation is that the
power source on the right has no local energy storage device. In this example, if the capacitor C is

present and is sufficiently large, then the system is stable. The conditions for stability are fully
R|V|?
21z

analyzed in [33]. For instance, assuming 0 < P < the condition for stability is

P
C > Cmin = . (70)

2 R )
wil V214 (51)

3. The Synchronous Machine

This section explains how to model synchronous machines based on dq0 quantities. We focus on
synchronous generators, since they are an important source of power in large commercial power
systems [2,13,28]. A basic diagram of the machine is shown in Figure 9. The key mechanical
components of the machine are the rotor and stator. There are also two key electric parts: the field
winding on the rotor, and the three-phase armature winding on the stator. The field winding is typically
connected to a DC source, which creates a magnetic field, with alternating north and south polarities.
As an example, Figure 9 shows a machine with two magnetic poles. As the rotor rotates, AC voltages are
induced in the armature windings. In addition, the interaction between magnetic fields in the machine
produces a torque that acts to decelerate the rotor. These two processes result in energy conversion,
from mechanical energy to electric energy as a generator, or vice versa as a motor. The machine is
named “synchronous” since at steady state the rotor speed is proportional to the frequency of currents
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and voltages in the stator. This is not necessarily the case in other machines. For example, in an
induction machine, the rotor must rotate slightly slower than the AC current frequency.

Magnetic field line

Stator

/ Air gap

Rotor windings

Ip

Rotor

Figure 9. Schematic diagram of a three-phase synchronous machine with 2 poles.

Note that the machine model includes many different symbols. Appendix B.1 summarizes the
most important symbols and definitions. Appendix B.2 shows several default values, which may be
used in a basic simulation.

3.1. Mechanical and Electrical Angles

Many machines have more than two magnetic poles on the rotor. If this is the case, it is convenient
to concentrate on the electric and magnetic quantities of a single pair of poles, and to recognize that
quantities associated with other pole pairs are identical. For this reason, it is convenient to express the
rotor angle in electrical degrees or electrical radians rather than in mechanical units.

One pair of poles is mapped to 360 electrical degrees or 27 electrical radians. Since there are
poles/2 electric cycles in one mechanical cycle, it follows that

__ poles

=7

Om, (71)

where

e 0 is the rotor electrical angle, with respect to a fixed point on the stator.
e 0y is the rotor mechanical angle, with respect to a fixed point on the stator.
e  “poles” is the number of magnetic poles on the rotor (must be even).

In addition, w = df/dt is the rotor electrical frequency, and w,;, = df,/dt is the rotor mechanical
frequency. Following (71),
(0 — Poles
2 "
Both frequencies are measured in rad/s. We also define ws to be the nominal grid frequency.
For instance, wgs = 2750 or 27160 rad/s.

(72)
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3.2. Basic Mechanical Equations

The angular acceleration of the rotor relates to the net torque as

d 1
awm = T(Tm - TE)/ (73)

where | is the rotor moment of inertia, T), is the mechanical torque, and T is the electric torque.
In addition, the relations between torques and powers are given by

Pm = Thwy = ——Thw,
poles
’ 74)
Pe = Tewy = poles Tew,

where p,, is the mechanical power accelerating the rotor, p, is the electric power decelerating the rotor.
Equations (72) and (73) yield
d  poles
at’ " 2]

and combination of (74) and (75) results in

(Tm - TE)/ (75)

d  (poles 21 L Ws
dtw_< 5 ) ITU(Pm_PE) = K—(pm = pe), (76)

w

2
where K = (pozles) ]%S Under the approximation w ~ ws, this is the classic swing equation. However,
in this section we do not use this approximation, and work directly with the exact expression in (75).
In addition, we assume that the mechanical torque is governed by a droop mechanism,

Ty = B (38— =) 77)

where P, is the reference power (defined with respect to a single phase), and D is the droop control
damping factor. Note that this equation assumes a simplified linear relation between frequency
and torque, and ignores the dynamics of the mechanical system. Substituting (77) into (75) results in

d 2 1

This equation defines the dynamics of the frequency w, with respect to the electric torque 7.

3.3. Electrical Equations

In this section we present a dg0 model of the machine. This model is more elaborated than the
machine’s quasi-static model, and may be used to describe fast transients, and high frequency effects.
However, as all models, the model presented here is an approximation. Specifically, it is assumed that:

e  The machine is a magneto-quasi-static device.
° Saturation of the magnetic materials and other sources of imbalance and harmonic distortion
are ignored.

e  Self- and mutual inductances are composed of a constant term, in addition to a sinusoidal term
varying with 26.

Although these assumptions may seem restrictive, they form the basis of the classic 4g0 model,
and have been found to give excellent results in a wide variety of applications.
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The machine is described as a system of coupled inductors

Aa gau éab éuc gaf _ia
Ap Coa Lo Coe Lop| |—ip
/\C ECH ECb ECC ch _ic

A Cra Lpp Lpe Lyp] | ir

, (79)

where

o Ay Ay, Ac are stator flux linkages.

° ia, iy, ic are the stator currents (generator output currents). The negative signs have been added
since currents are positive when flowing out of the generator.

e Ayisfield winding flux linkage.

e iy isfield winding current.

In addition, voltages are defined by

. d ) d
Uy = —Ryig+ =Xy, vy = —Rypip + —Ayp,

dt dt
. d . d (80)
Ve = _Rclc‘i‘a)\c, Uf:Rflf‘i‘a)\f,

where

e 1, Uy, U are the stator voltages (generator output voltages).
e vy is the field winding voltage.
° R, is the armature resistance.

e  Ryis the field winding resistance.

The self- and mutual inductances in (79) depend on the rotor position. The stator self-inductances
are given by
lag = Laa + Lg2 cos(20),

Cpp = Lag + Lgp cos(26 +120°), (81)
lec = Lag + Lgp cos(26 — 120°),

and the stator-to-stator mutual inductances are

éab = gba = L{lb + ng COS(ZG — 1200),
lpe = Loy = Lygp + ng cos(20), (82)
boe =Ly = Ly + ng COS(29 + 1200),
where L, is a positive constant, and L, is a negative constant. These inductances are composed of a
constant term, in addition to a sinusoidal term varying with 26. This additional term is required in

case the rotor is not perfectly round (causing “saliency effects”). In addition, the stator-to-rotor mutual
inductances are

gaf = gfa = Laf COS(G),
gbf = éﬂ, = Lllf COS(G - 1200), (83)
ch = efc = LquOS(Q + 1200),

and the field winding self-inductance is

gff = Lff = const. (84)
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The model defined by the above equations does not have an equilibrium point, since the
inductances depend on the rotor angle 6, which is time dependent. To this end, we convert the
equations to the dq0 domain. Omitting the algebraic details, this yields

Ag = —Lgig+ L,lfif, /\q = —Lqiqr

4 3, . . (85)
Ao = —Lygip, )\f = _ELﬂfld_'—Lfflf'
and d
dt dt 36
. d . d (86)
vy = —Rgl()*l-a/\o, vf :Rflf+a/\f’
where
e Uy, vy, v are the dg0 transformation of v,, vy, v (stator voltages).
® Ay Ay, Ag are the dq0 transformation of Ay, Ap, Ac (stator flux linkages).
o L, is called the direct-axis synchronous inductance.
e [L,is called the quadrature-axis synchronous inductance.
o [jis called the zero-sequence inductance.
Notes:
1. The reference angle for the dq0 transformation is the rotor electrical angle 6.
2. The dg0 variables do not depend directly on 8, and define a time-invariant model.
The inductances in (86) are given by
3
Ld = Laa - Lab + Eng,
3
Ly = Loo — Loy — 5 Lz, (87)

Lo = Laa + 2Lgp.

Throughout this section we use the inductances Ly, Ly, Lo directly, and do not use the original
machine inductances Lg;, Ly, Lgp. We also define the synchronous inductance as

1

Ls:i

(Lg+ Lg). (88)

For a perfectly round rotor with Lgy = 0, we have Ls = L; = L;. To complete the basic model,
the machine output power (three-phase power flowing out of the stator and into the grid) is

3, . . .
ps = E(vdzd + v4iq + 200ip), (89)
and the electric power decelerating the rotor is
3 . .
pe = 5 (Aaiy = Agia). (90)

Following (90), the electric torque is given by

I, — b _3

=33 (Adig — Aqia)- 91)

A complete state-space model of the synchronous machine is obtained by merging the equations
above. Using Equations (78), (85), (86) and (91), and again omitting the algebraic details, yields
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d
&9 w,
d 1 3ﬁws - 6Lfquws 3Laf(ds
2R,L 2R,L
= i+ whg+ L 4y,
dt B B
d R 92)
— _ 4
a/\q = —wMy I, Ag + vy,
d R,
—Ap = ——A\,
a0 Lo 0 =+ o,
d 3RfLﬂf 2Rde
3= B Ag — 3 As+oy,
where the inputs are vy, v, v, Vf, DPref, and the constants are defined as K := (%les) ]175,

B:=2LsL¢r — 312 £ Several optional outputs (in addition to the state variables) are

. 2Luf 2Lff . 1
ig=—=Ar——=Ay, ip = ——Ag,
BB oLt
2L, 3Laf ) 1
Zf ?/\f — ,8 /\d, 10 = —LO/\(),
3 poles . . 3 ) .
T = Ep 2 (Aaiq — Aqia), Pe = EW(Adlq — Agia), (93)

1 w 1
T = 2w, (3PrefD(wws))/ szws<3prefD(wws))r

3, . ) )
ps = E(Udld + v4iq + 20gip).

Following are two examples demonstrating how to use the model above in simulation. Consider
first a synchronous generator feeding a symmetrically configured resistive load R;. We wish to
simulate the transient that follows a sudden 3-phase short circuit at the armature terminals. A signal
flow diagram of the simulation is shown in Figure 10. Using the state-space description in (92),
the currents iy, ig, ip are inputs to the machine’s model, and the voltages v,, v;, vy are its outputs.
Under normal operating conditions, the ratio between the voltages and currents is R;. When the short
occurs, the voltages vy, vy, vg are zeroed, and a transient takes place. Basic default parameters may be

found in Appendix B.2.

g0

Pref sync. Ry |

norma.
machine operation

Ydq0

Vf model 4—\\/‘7 hort

N 0 short-

i i circuit

switch

Figure 10. Simulating a sudden 3-phase short circuit at the armature terminals.

As a second example, consider the system shown in Figure 11. A signal flow diagram is shown in

Figure 12.
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medium length transmission line

a
. Lo load
A, "N DA LT
| |
[ O
c c | 1
sync. 2 2 ! Ry
machine : :
| I
|
b

Figure 11. Example: synchronous machine connected to a medium length transmission line and load.
(a) One-line diagram; (b) Single-phase diagram.

i iz/iq[) T lqu
] — -
Py sync. a0 1 ‘

R-L |

machine capacitor dq0 model capacitor RLL
dq0 model dq0 model
Vs model ; Trﬁ : |
Vg0 [ v;qu

w Ps

Figure 12. Signal flow diagram for a synchronous machine connected to a medium length transmission
line and load.

The capacitors, inductor, and resistor are modeled as

gv = wo +L(i — i)
dr 4~ WHaT cpd T )

d 1 . .
3% wuy + C/Z(Zq i), (94)
d

a@ _ -y

The right capacitor is modeled as

d r / 1, .11
301 = Wit C—/Z(zd — i),
d 1 ., .
av’q = —wv+ C—/z(zg - l’q’), (95)
d 1., .
avé = Ci/z(l(') —ig),
and the model of the R-L components is
N R B N
T 1’q =|-w -% OR z’q +1 |- v | - (96)
i 0 0 -7 | vy — V),

Note that these equations depend on w, which is an output of the machine’s model. It is also
possible to approximate w ~ ws, to eliminate this dependency.
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3.4. Simplified Machine Model

21 of 48

This section presents a simplified dynamic model of the machine. We assume that

Round rotor: Ly = 0, or equivalently Ly = L; = Ls.
Constant field current: iy = Iy = const.
Balanced voltages and currents: vg = 0, ip = 0.

We will now show that:

The EMF is proportional to the frequency w.
The electric torque is proportional to the current i,.

The machine may be described as an EMF source behind a series impedance.

Using (85), (86) with Ly = Ly = Ls, if = I, vp = 0, and ip = O results in

—Lsig + Luflf/
Ly,

3 .
_ELﬂfld + Lfflf'
and d

d

—Raig +

vy = —Rgig +

d
Uf = Rflf + &Af
Substitution of (97) in (98) yields

. d. .
vg = —Rgig — Ls— ig + wLsiy,

dt

Ugq

3. d.
Uf = RfIf - ELufald.

. d. .
—Rgig — Lsalq —wLsig + wLafIf,

97)

(98)

(99)

Note that vf does not affect the other quantities, and may be considered an output of the model.

We now define the constant voltage

VE = wsLyfly = const. (100)
Using this constant, the resulting equations are
. d. .
vy = —Ryig — Lsald + wLsiyg,
4 w (101)
Uq — —Rulq — Lsalq - C()led + JSVE,
which may be rearranged as
. d. .
vd - 0 _Ruld Lsald _stlq ’
w . d. )
g = —VE —Rqig Ls—1i5 + wLsiy (102)
N Wg _ ~—— dt
tat ——
V(s)li’za(él;zs induced EMF ::rlitssg fegirs?tgnce voltage drop

on series inductance
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Using these expressions, the machine can be modeled as a source of induced EMF behind a
series impedance, as shown in Figure 13. The induced EMF is givenby ¢; = 0,5 = > Vg, e4 = 0,
where [eg, e, eo] " is the dg0 transformation of [e,, ep, e]T.

R, Ls
~ D A Vg
€p

R L

——) VS N,
Ee R, L
— 122228" Ve

Figure 13. The simplified machine model is equivalent to a voltage source behind a series inductance
and resistance.

Notes:

1. The induced EMF is proportional to the frequency, where at steady-state and at nominal frequency
the induced EMF (peak value) is Vg = wsL,¢ly.

2. The induced EMF is equal to the machine’s open-circuit voltage. This can be seen in Figure 13,
assuming that the stator currents are zero.

In addition, using (91), (97), and (100), the electric torque acting on the rotor is

3poles, . . . 3 poles . 3poles_, .

T

We see that the electric torque is proportional to the stator current i,.

Based on these results, a simplified model of the machine may be obtained by separating the
dynamics of the induced EMF from the dynamics of the series impedance (R, and L;). This series
impedance, although physically a part of the machine, can be modeled as if it is a part of the
transmission network. The machine is then described by the simple dynamics of the induced EMF.
Using (78) and (103),

d ( 2ws 1
w0 =K(8Pr— ——Te — = (w— ws)> ,
dt S poles D (104)
poles _, .
Te = = VEiy.
©T 2 2w, B
Direct substitution of T, provides the simplified state equations
%9 =w,
(105)

d 1 3., .
P K (3P,ef — B(w —ws) — ZVEzq) ,

where the inputs are P,.¢ and i;. Several optional outputs (in addition to the state variables) are

w
ed—O, eq_JSVE, 60—0,
3poles_, . 3w, .
T, == e
¢ 2 2w, VEiq, Pe 2 ws VEiq, (106)
oles w 1
Ty = pwa (3P,ef — B(w — ws)> , Pm= o <3Pn,f - B(w - ws)) .

All dq0 quantities here are defined in the rotor reference frame, with respect to the angle 6.
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3.5. Energy Conversion in the Machine

In this section we use the simplified model presented above to demonstrate energy conversion
processes in the machine. The total energy stored in the machine is composed of two parts:

2
o  The kinetic energy of the rotor: E;o; = %]w,zn = % J ( 2 ) w?.

poles
e The magnetic energy, represented by the energy stored in the synchronous inductance:

B = {Ls (3+12).

The kinetic energy derivative is

d _ d /1., B dwy,
&Emt T (2]wm) = ]wmw/ (107)

and using dfl’—t’" = %(Tm —T,), yields

d
aErot =wy Ty — wnT, = Pm — Pe- (108)

This is an intuitive result: the change in kinetic energy is equal to the difference between the
mechanical and electric powers. In addition, the magnetic energy derivative is

d 3 cdig . dig
—E; ==L — — . 109
dr * 25<1ddt+lth (109)
Using (102),
d 3/. . . . ) . w
aEL =5 <1d (—Razd + wlsig — vd) +1ig (—Razq —wLgiy + w—SVE — v,,))
3w . 3 . . 3 ) 2
= EW—SVEzq — E(vdzd +v4iq) — ERa <1d + zq) (110)
SN——— _
Pe Ps ohmic loss

3 2 .
:pe—ps—ERa (lﬁ‘i‘l%)-
The change of energy stored in the inductor is equal to

e  +p. is the electric power decelerating the rotor. This is also the power generated by the EMF
source, as shown below.
e  —psisthe machine’s output power.

. —%Ra (z% + i%) is the ohmic power loss on the armature resistance.

The flow of power is summarized in Figure 14.

The heart of the energy conversion process is achieved by the EMF source, which converts
mechanical energy to electrical energy (or vice versa). From a mechanical perspective: p, = T,wy,.
From an electrical perspective:

3w, . 3 ) w . 3, . ) )
Pe = E@ngq =3 <O~zd+ JSVE~ZQ +2-0-0) =3 (eqig + eqiy + 2eqip) - (111)

This is, by definition, the power generated by the EMF source.
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Ploss

Pe /ﬂ\ Pe — Ploss
f—- - - - == f—- - - - == : - - : - ===

I I
! I | | | | | I
! rotor \ ! [ 1 Ry ! Ly
| | | ~ D) ! : LYY :
! | ! | | l
! l | | | ! | |
Pm | Pe l ep | l ! l ! Ps
mechanical ‘ ! - !  R. PN electric
= = ~ ; ! AN =
power : : : !l U | : I : I power
| | | | | ! | ! t id
I | I e I I I I O grl!
! | | | | Ru | | Ls |
| | | — )T + ' —YYYY
I | I | | I | I
I - ) I - ) I, ! I, !
energy storage E,o pure energy energy energy storage E|,
dEgy _ conversion loss daE B
ar — Pm — Pe dt = Pe — Ploss — Ps

(no storage, no loss)

Figure 14. Energy conversion in the machine, based on the simplified model.

3.6. Transformation from One Reference Frame to Another

Recall that the dynamic models discussed so far are defined in the rotor reference frame,
with respect to the angle 6. A typical question is how to construct a dynamic model of a system
that has more than one natural reference frame. Such a need arises when the system includes more
than one machine, or when a machine is connected to an infinite bus.

The typical solution is to transform the dq0 variables from one reference frame to another.
Assume a system with two sets of signals: x,,0 are defined with respect to a reference angle 0;,
and ¥4, are defined with respect to a reference angle 6. The relations between these signals can be
found by transforming the signals to the abc reference frame and back, which may be written as
Xgq0 = Tp, Ty 132qu or Xgq0 = Ty Ty 1xdq0. Using the dq0 identities in Appendix A,

[cos(6 —6,) —sin(6—6,) 0
0 — 0, Xgq0 = |sin(0 —6;) cos(8 —0,) O Xago, (112)
0 0 1

[ cos(0—6,) sin(6—6,) O
0 < 0, : Xggo = | —sin(0 —6;) cos(8 —6r) 0] xgg0- (113)
0 0 1

Consider now a general unit, which model is given with respect to the angle 6. This model can be
linked to a system with a reference angle 0,, as described in Figure 15.

I : 1dq0 Ldq0 ! !
} Unit | 06 . System !
| x |
| reference ! ' og_g ! reference :
I l r I
! !

' angle : B0 . Va0 | angle
B T e R e
S | o
0 ' 0
+ —

Figure 15. Transformation from one reference frame to another.
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As a special important case, consider the EMF source é; = 0, ey = M%VE, ¢y = 0, with a reference
angle 6. What is the model of this source with respect to 6,? Direct transformation yields

eq cos(f —6,) —sin(6—6,) 0 0 o —sin(6 — 6;)
eg| = |sin(0 —6;) cos(@—6,) O] |&Ve|l= w—VE cos (0 — 6;) (114)
€o 0 0 1 0 ’ 0
or,
eq cos(d)
e | = inE sin(d)|, 6=0-—0,+ g (115)
()] ° 0

where ¢4, e;, eg are defined with respect to ;. The reader may recognize ¢ as the power angle of the
machine. Therefore, at low frequencies, the simplified machine model is identical to the quasi-static
(time-varying phasors) model. To see this, the phasor describing the induced EMF is

E= é (eq+ jeg) = \‘gi (cos(8) + jsin(d)). (116)
Further define v .
WVE
|E| Vow. ~ Lty (117)

This is the induced EMF (RMS value) at steady state, and at the rotor frequency w. Substitute (117)
in (116) to get E = |E|£J. This phasor describes the induced EMF of the quasi-static model. Note that
|E| depends on w; however, in a quasi-static model we typically assume that w ~ w;s and |E| is
constant. Also recall that in a time-varying phasor model p. = 3P. This is true since

. 1 T B
3P =3Re{EI"} =3Re {\ﬁ (eq + jeg) 7 (ig + jig) } =3 Re{egig + egig} = pe. (118)

For example, consider a synchronous machine connected to an infinite bus. The machine is
described by the simplified model presented above, and the infinite bus voltage is v; o, = ﬁVg =
const, V500 = 0, Vg0 = 0 with a reference frame wst. We now wish to construct a state-space model of
the system, with respect to the reference angle 6,. A signal flow diagram is shown in Figure 16.

reference reference
angle 6 angle wst

Cdq0 €dq0
0 — wst Vdg0,00

L0 —wst + -
machine \
simplified :

Pref model | RL
| dq0 model
|
|

> I .
14 1dq0
70 0+ wst i
0 — wst
0
o

Figure 16. Signal-flow diagram: synchronous machine connected to an infinite bus.
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The explicit state-space model is shown next. Using the result above, the induced EMF is described
in the reference frame w;t by

e4 cos(d)
w .

eg| = — Vg |sin(d) (119)
Ws

€Q 0

with 6 = 0 — 0, + 7. In addition, using (105), the machine is modeled by

d
AR
3

d 1 i (120)
Friche K <3P,ef - B(w —ws) — 2VE1q> ,

where in this last equation 7, is referenced to 6. Using (113), this variable may be expressed in terms of
the reference angle w;t as

iy cos(0 — wst)  sin(8 —wst) Of |ig
Io| = |—sin(0 — wst) cos(6 —wst) 0 |ig|, (121)
io 0 0 1| o

and using 6 = 0 — wst + F yields i; = cos(6)iy + sin(6)iy. Moreover, the machine’s series impedance
is modeled (with respect to wst) as

S TR e 0 ]y (o 0] [van
— iq = | —ws —% 0 iq +— | —VE sm((5) — 0 . (122)
dr |. s R . Ls \ ws

19 0 0 —f: ) 0 0

Combining these equations, the resulting state-space model becomes

d
a& =w — ws,
d 1 3., . 3., . .
aw =K <3Pr€f — B(OJ — (Us) — EVEZd COS(&) — EVElq 51n(5)> ,
d. R, . . 1 [w
= — (= — /2 12
3 T+ sty + 1 (ws Vg cos(8) — V2 Vg>, (123)
d. . R, 1w )
qple = ~wsla — L—slq + L—sw—sVE sin(J),
ii - _&1‘
TR

Note that ¢ is used instead of 6 as a state variable.

As another example, consider two synchronous machines connected to each other, and feeding
a resistive load Ry. The machines are described using the detailed model (not the simplified one),
as given in (92). The reference angle of the first machine is 01, and the reference angle of the second
machine is 6. A signal flow diagram is shown in Figure 17.
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idg0,1 l4q0,2
Pref,l > 01 < 6 t— Pref,Z

Vf,l >

machine 1
+
+

machine 2

Vdq0,1 0 s 0 Vdgq0,2
1 2
6, — 0,
91 f? 62
[

Figure 17. Signal-flow diagram: two machines connected to each other, and feeding a resistive load.

4. Three-Phase Inverters

This section outlines the design principles of three-phase inverters, focusing on their control.
We introduce the concepts of grid forming, grid feeding, and grid supporting inverters,
and explain how they are used in specific applications, such as renewable energy systems and
microgrids [16,20,34,35]. We also present a basic control scheme for Permanent Magnet Synchronous
Motors (PMSM).

Note that the objective of this section is only to review the main approaches used in typical designs.
Many practical details are omitted in order to clearly present the main ideas.

4.1. Basic Definitions

Inverters convert DC power to AC power, as shown in Figure 18.

Ipc

+ 3-phase b To
Vbe —

- inverter grid

Figure 18. A three-phase inverter.

The voltage and current on the DC side are v, and i, the AC voltages are v,, v, v¢, and the AC
currents are iy, ip, i.. Throughout this section we assume that the AC voltages and currents are balanced.
In steady state, inverters are characterized by five quantities:

e  The frequency w.

o  The (single-phase) active power P, such that P,;; = 3P.
e  The (single-phase) reactive power Q.

e  The voltage amplitude |E]|.

o  The voltage angle J.

Anideal inverter operates with zero loss, and stores negligible energy. Thus, in steady state,
Pdc = Udclge = Ualq + Uplp + 0Ucle = Pac = 3P. (124)

As a result, assuming that the power and DC voltage are constant, then the DC current is
also constant.
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4.2. Modes of Operation

Three typical modes of operation of grid-connected inverters are grid forming, grid feeding,
and grid supporting. The selected mode of operation determines the inverter dynamics, and its
steady-state characteristics.

4.2.1. Grid Forming Inverters

Grid forming inverters are typically used in small isolated networks, and their main objective
is to regulate the network voltage and frequency [29,36—43]. To this end, grid forming inverters are
controlled as voltage sources, with fixed voltage amplitude |E| and frequency w. The active power
P and reactive power Q are not directly controlled, and are determined by the interaction of the
inverter with the network. Typical applications are standby UPS systems, and islanded microgrids.
Since the frequency w is set, the inverter usually cannot operate in parallel to other grid forming
inverters, unless an additional mechanism is used to match the frequencies. In power flow studies,
a grid forming inverter may be viewed as an infinite bus, and is represented as a reference bus, with a
constant voltage amplitude |E| and angle § = 0. Grid forming inverters are also called Voltage Source
Inverters (VSI).

4.2.2. Grid Feeding Inverters

Grid feeding inverters are operated as power sources, and are mainly designed to deliver power
to an energized grid [34,42,44-50]. The active power P and reactive power Q are directly controlled,
while the frequency w and voltage amplitude |E| are not directly controlled, and are determined by the
interaction of the inverter with the grid. Typical applications are renewable energy systems and small
grid-connected generators, which operate with specific active and reactive powers. As an example,
in photovoltaic systems the active power is typically set by the source, and the reactive power is
often set to zero. Grid feeding inverters are designed to operate in parallel to other inverters and
generators. They cannot operate in isolation, and require additional units to set the voltage magnitude
and frequency. In power flow studies, a grid feeding inverter is represented as a P-Q bus, with constant
active power P and constant reactive power Q. Grid feeding inverter are also called Grid Following
Inverters, or inverters with P-Q control.

4.2.3. Grid Supporting Inverters

Grid supporting inverters operate somewhat similarly to synchronous generators: they deliver
power to the grid, while contributing to the stability and reliability of the system [34,35,51,52].
The frequency and voltage magnitude are controlled by a droop mechanism, such that there is a
linear relationship between w and P, and between |E| and Q.

This type of control promotes fair sharing of the active and reactive powers among generators,
while regulating the frequency and voltage. Grid supporting inverters may be connected in parallel
to other generators, and can operate in isolation. In power flow studies, such an inverter cannot
be represented as a standard bus. However, if the frequency w is known, and the voltage droop
mechanism can be ignored, then the inverter is represented as a P-V bus with constant active power
P and voltage amplitude |E|, similarly to a synchronous machine. Typical applications are energy
storage systems, online UPS systems, and distributed generators that operate in isolated or weak grids.

Several properties of the different operation modes are summarized in Table 2.
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Table 2. Typical operation modes of grid-connected inverters.

Grid Forming e  Also called Voltage Source Inverters.

e  The inverter operates as a voltage source. The voltage amplitude |E| and the
frequency w are directly controlled.

e  The active power P and reactive power Q are determined by the interaction of the
inverter with the grid.

e  The inverter usually cannot operate in parallel to other grid forming inverters,
since the frequency w is constant.

e  Typical applications are standby UPS systems and isolated small networks.

e Inpower flow studies: represented as a reference bus (slack bus), with a constant
voltage amplitude |E| and angle § = 0.

Grid Feeding e  Also called Grid Following Inverters, or inverters with P-Q control.

o  The inverter operates as a power source. The active power P and reactive power
Q are directly controlled.

e The frequency w and voltage amplitude |E| are determined by the interaction of
the inverter with the grid.

e  Suitable for parallel operation.

e  Cannot operate in isolation. The system must include other generators
(e.g., other inverters, synchronous machines) that control the voltage amplitude
and frequency.

e  Typical applications are renewable energy systems, and distributed generation
systems.

e In power flow studies: represented as a P-Q bus, with constant active power P
and reactive power Q.

Grid Supporting Delivers power to the grid, while promoting stability and reliability. Regulates the
frequency and voltage, and balances the active and reactive power generation.
Implements a linear relationship between P and w, and between Q and |E]|.
Suitable for parallel operation.

Suitable for isolated operation.

Combines well with energy storage systems, and online UPS systems.

In power flow studies: in general, cannot be represented as a standard bus.
However, if the frequency w is known, and the voltage droop mechanism can be
ignored, then the inverter is represented as a P-V bus with constant active power
and voltage amplitude |E|, similarly to a synchronous machine.

4.3. Grid Forming Inverters

A basic control scheme for grid forming inverters is shown Figure 19.

Vdr
" HH
dy

u* 7 dg0
a de ., q\ dy, PWM 3-phase
@—q> inverter
@ do abc dc

Jdt ERE

To grid

Figure 19. A basic control scheme for grid forming inverters.
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The main inverter stage often consists of three Buck converters connected in parallel to a DC source,
as shown in Figure 20. Assuming these converters are lossless and store no energy, the average voltages
uq(t), up(t), uc(t) are given by

ug(t) = Vieda(t),
up(t) = Vaedy (1), (125)
uc(t) = Vyede(t).

Note that the duty cycles are defined in the range [—1, 1] such that —Vj;. < uy(t) < +Vj.. The LC

filter at the output removes the switching harmonics, and delivers sinusoidal voltages and currents to
the grid.

-7t Hht 3

Vie

\ |
71

7t -ht 3

Figure 20. A basic three-phase inverter stage.

Grid forming inverters are controlled as voltage sources with a constant frequency. A possible
control law is
dg =V, 'uj, dg=0,do=0, (126)

where 1 is the desired voltage amplitude. In addition, the reference angle for the dg0 transformation
is 6(t) = w*t, where w* is the desired frequency. The resulting output voltage is

ug=uy ug=0,1uy=0 (127)

with a reference angle w*t. Therefore, the grid forming inverter implements a voltage source with
constant frequency and amplitude.

In practical designs, the inverter currents should be controlled to improve the dynamic
performance and efficiency, and to avoid over currents. In addition, often there is a need to precisely
control the output voltage. An improved design with additional current and voltage loops is shown
in Figure 21. The objective of the system is to regulate the output voltages such that v; = v}, v; = 0,
vg = 0. This is achieved by two loops: an inner loop that controls the currents, and an outer loop that
controls the voltages.

The inner loop regulates the currents such that i;(t) = i(t) and iy (t) = i; (f), by adjusting the
inverter duty cycles. This loop is typically modeled as follows. The average voltages u,(t), u(t),
ug(t) are

ug = Vedy,
ug = Vyedy, (128)
ug = Vicdo,
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and the inductor equations in the dq reference frame are

d 1
g4 =w zq—i—z(ud—vd),
(129)
gi —w*id—i-l(u —vg)
dr q L q q
Vdc
i HH
w* j d 2} dq(]\/‘ dp 3-phase
t PWM
inverter
abc dc
Ue ¢ Up ¢ Uy
diq0
L
. abc )
current 1dqo Labe current
control hN Tttt R sensors
IHH
dq0 |
IH
IH]
C
abc
voltage Vdgo Ugbe voltage
\( - """ ------- " ~¢ - % sensors
control
dq0 «—— @
ol
v} To grid
vy =0
vy =0

Figure 21. Grid forming inverter, with additional current and voltage control loops.

The cross terms w*i; and —w*iy that appear in these equations complicate the controller design,
since i; depends on i,, and i; depends on i;. A typical solution is to eliminate the cross terms, using the
following control law

0ult) = " Liglt) + ky (3(6) ~ia1) + & [ (7) = is(r))dr )

[
<
—~
—
~—
Il
<
N
7 N N

0g(1) + @ Lig(t) + k(i3 (1) — iy (1)) + k; / 1) —ig(t ))dT), (130)

where i(t) and ij (t) are the target currents, and k;, k; are parameters of a PI controller. This control
law is illustrated in Figure 22. Substitution of (128) and (130) into (129) yields

L(;itzd—kp(zd() ia(6) + K / (1) — ig(7))dr, .
d.
Lalq:kr’( (t) — +k/ T) —ig(7))dT.

Since the cross terms are eliminated, the currents are governed by two single-input single-output
systems, as shown in Figure 23. This enables straightforward tuning of the loop parameters.
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ig

Vg
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Figure 22. The inner current loop: a typical control scheme that eliminates the cross terms w*i; and —w*iy.

e

in —( ( ki [t +
ig
Jdt

Jat +

Jdt L

Figure 23. By eliminating the cross terms, the current loop is modeled by two single-input single-output systems.

The outer voltage loop operates based on similar principles. As an example, assuming a balanced

resistive load, the capacitor equations may be approximated as

d ok 1 ok Ug4
arti =+ e (- )

-ernre(ig)

and a possible control law that eliminates the cross terms is

—0,
dr 1

iy = 2t Cig(0) + ke (6) — 2a(1)) + i [ (05(0) — va(2))e,

i = WT(” @ Ci(E) + Ky (05(8) = 0g() + ki | (05(7) — g(7))d,

where v} and v,’; are the target voltages, and kj , k; , are the parameters of a PI controller.

4.4. Grid Feeding Inverters

(132)

(133)

Grid feeding inverters are operated as power sources, and are mainly designed to deliver power
to an energized grid. They are also called Grid Following Inverters, or inverters with P-Q control.
This mode of operation is used often, since the tightly regulated output power enables robust and
economical designs. Grid feeding inverters are also used with renewable power sources, in which the
active power must by equal to the power produced by the source. In many applications the reactive
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power is set to zero, and the inverter operates with a power factor of unity. In this case the output
current is minimal, but the inverter does not provide the reactive power that may be needed to support
the grid. A basic control scheme for grid feeding inverters is shown in Figure 24.

dﬂ ]

dq0
dy 3-phase
0 — ¢ PWM )
b i inverter
aoc c
ddqo
. abc )
current Ldq0 Labe current
w —> Ny e — - - - - -0 -0 - <
COntrOl Sensors
cEEr
i;qo
abc
P* ——|  current Vdq0 Uabe voltage
. \ e = = = = = = - - == — — — ¢ — -9
Q" ——{ calculations o . sensors
U
To grid
0 ~—

PLL e

W <

Figure 24. A basic control scheme for grid feeding inverters.

The design consists of an inner control loop, and an additional “current calculations” block that
generates the target currents. These are given by

. 2 "
= —5—-> 5 (P*vg4+ Q*vy),
03 + 03
N (134)
"= ——— (P*v; — Q"vy),
q U%—HJ%, (P"o — Q"va)

where P*, Q* are the target active and reactive powers (for a single phase). As a result, the powers at
steady state are given by

1

1

Q = 5 (qud — Udiq) = Q*

This calculation is based on the assumption that i; = ij and i; = i; at steady state.

The reference frame for the dq0 transformation is defined by the grid voltages. Since these voltages
are not directly controlled, there is a need to extract the reference angle 6 and the frequency w from
the voltage measurements. This is usually accomplished by a Phase Locked Loop (PLL), as illustrated
in Figure 25. The PLL operates by controlling the reference angle 6 in closed loop, such that the
quadrature-axis component v, is zeroed. If the loop is stable, then 6 must be matched to the angle of
the AC voltages v, vy, ve.

(135)
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Figure 25. A basic implementation of a Phase Locked Loop (PLL).

A grid feeding inverter connected to a photovoltaic (PV) source is shown in Figure 26.
The challenge here is that the active power is determined by the renewable source, and is not known
in advance. This design is similar to the one in Figure 24, expect that there is an additional loop
that regulates the active power, in order to match it to the source. The feedback is provided by
the bus-capacitor voltage. If v;.(t) > V3¢ then P* increases to discharge the bus capacitor, and if
vge(t) < V3¢ then P* is decreased to charge the bus capacitor. At steady state, Py, ~ 3P* and
vge(t) = V5L

DC/DC
e &
MPPT
vdc(t) u P,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o
‘ —H
set d" o
Vdc‘ d
q0
dy 3-phase
0 — AWV PWM .
inverter
abc de
ddq(l
active X abe X
power w ] current 1dq0 N . 7107ZJC 77777777 b} current
Control sensors
control e dq0 |«—— 9
cEEr
i;q(}
P* abe
current Vdq0 N Uabe voltage
e oo oo oo o oo S —_—
Q* ——| calculations sensors
g0 «—— 9
To grid
0 ~——
PLL [
w —

Figure 26. Grid feeding inverter, connected to a photovoltaic (PV) source.

4.5. Droop Control

As an introduction to the topic of grid supporting inverters, this section reviews basic principles
of the droop control method. Droop controllers are implemented locally in each generator,
and form a distributed control system that stabilizes the grid. The communication between the
controllers is minimal, and information is shared by means of the grid frequency and voltage.
Droop controllers are used in power systems in order to:

e  Regulate the frequency and active power.
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e  Regulate the voltage and reactive power.

e  Promote fair sharing of active power among generators.

e  Promote fair sharing of reactive power among generators.
o  Allow generators of different sizes to operate in parallel.

In essence, this is achieved by implementing an inverse relationship between active power and
frequency, and between reactive power and voltage, as explained next.

4.5.1. Frequency Droop Control

Consider a lossless generator with a single-phase active power P and a frequency w.
At steady state, the droop control law is

3P = 3P,f — %(a) — ws), (136)

where P, is the reference power, D is the damping constant, and w; is the nominal grid frequency
(a constant). A primary objective of the frequency droop controller is to stabilize the grid frequency,
by regulating the active power. Consider first a synchronous generator, in which the mechanical
power is

1
Pm = 3Pref - E(W — ws). (137)

As the frequency increases, the mechanical power decreases, and vice versa. This behavior
regulates the generated power, and matches it to the actual load, as described in Figure 27.

®

System is balanced

mechanical ~ electrical

power power

Due to droop control

. The load power
@ the mechanical power @
increases

increases

The rotor speed w

gradually decreases

©)

Figure 27. Conceptual operation of the frequency droop mechanism.

As an example, assume that a single synchronous generator is feeding a load with active power
Pr(t). The angular acceleration of the rotor is given by

%w — K(pw(t) = 3PL(1)), (138)

where K is the swing equation constant.

With no droop control (D = o),

d
Ew = 3K(Pref - PL(t))/ (139)
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and since in general P,,; # PL(t), the frequency w is unstable. On the other hand, when the droop
control mechanism is active (finite D), the resulting dynamics equation is

d 1 K Wy
aw =K <3P,ef — B(w —wg) — 3PL(t)> = —Bw +K (3Pref —3PL(t) + 5) . (140)

The term —(K/D)w provides negative feedback, and the frequency w is stabilized.
The relationship between the active power and frequency at steady state is illustrated in Figure 28.

P
D

increases

D—0

Pvej \
I
I
l
1

w/ws

Figure 28. Droop characteristics in steady state: active power as a function of frequency.

The controller operates as follows:
Incase D — 0:

o  The frequency w is constant such that w ~ ws. The generator provides active power as needed to
stabilize the frequency.

e  The active power varies.

o  The generator operates like a grid forming inverter, or an infinite bus.

Incase D — oo:

o  The active power is constant, P ~ P, £
e  The frequency w varies.
o  The generator operates as a power source, like a grid feeding inverter.

Middle values of D:

o  Combine the properties of these two extreme cases.

e  The active power is regulated, but is not constant. The generator provides variable active power
to adjust the frequency.

o  The frequency w is regulated, but is not constant.

o  Aswe shall see, the generator operates like a grid supporting inverter.

An additional objective of the controller is to share the active power among the generators.
Assume a system with N generators, such that in steady state, 3P; = 3P,.r; — % (w — ws). Also assume

that the total load in the system is Py, such that Y- ; P; = P;. These equations may be written as

3D, 0 1 P 3D1Presp

0 3Dy 1 Py 3DNPresn
1 cee 1 0] |w— ws Py

(141)
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and the solution is

N o\ ! N
w—ws=-—3 D. PL_ZPref,i ’
i=1 i i=1 (142)
1

p; :Pref,i_

3D; (w — ws).

As an example, for two generators in steady state:

3D1D;
= ——F— | PL - P, —P
W = Ws D, +D, ( L ref,1 ref,Z) ’
1
Pl = Pr@f,l - TDl(w - ws), (143)

1
Pz = Pref,Z_ 37[)2((47_(4]5).

If the generators are synchronous machines, and the damping constant of each machine is
inversely proportional the rotor moment of inertia, such that J;D; = const, then

N
P = Pref,i+]{7 (PL_ Zpref,i> ’ (144)
i=1

i
ot
where Jior = YN, J;. Here, deviations of the load power from the reference power are shared among

the generators, according to their size, such that larger generators provide more power. For this reason,
we say that the droop control method promotes fair sharing of active power among the generators.

4.5.2. Voltage Droop Control

A primary objective of the voltage droop controller is to regulate the reactive power and voltage.
To see this, consider a generator that is represented in steady state as a voltage source behind a
series reactance, as described in Figure 29.

X
YN

+
|E|£6 G)_ PQ = 14

Figure 29. The generator is modeled in steady state as a voltage source behind a series reactance.

The voltage droop control law is

|E‘ = Eref - kq(Q - Qref)/ (145)

where E,,r is the reference voltage, Q. is the reference reactive power, and k; is a constant. In a
synchronous machine this control law is implemented in practice by adjusting the current in the
field winding. The generator reactive power Q may be computed from the circuit in Figure 29, and is
given by

=

Q = 7 ([E[cos(8) = [V]), (146)

sl

and if § — 0 and |E| = |V|, then
E]

Q=7%

(IE[ = V). (147)
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This relationship between the reactive power and voltage is plotted in Figure 30.

Q

™\ V|/|E|

Figure 30. Reactive power as a function of voltage. Variations in |V| may result in high and
unpredictable reactive power flow.

If the voltage |E| is fixed, variations in |V| may result in high and unpredictable reactive
power flow. This is potentially dangerous, since high reactive power causes loss, and may lead
to stability problems. To solve this, the droop mechanism regulates the reactive power by adjusting |E|
in inverse proportion to Q. Substitution of (145) in (147) yields

E E
Q%%(‘E\_WD% ;f <Eref_kq(Q_Qref)_|V|), (148)
which may be written as
Q:l(E + kg Qrer — V1) (149)
X + Erefkq ref 1 ref

This equation is illustrated in Figure 31.

Q
ky k=0
. .2
increases / slope: —E,.Cf/ X
Qref )
K; = o |
I
Q ~ Qrcf !
1
XQpe
1*ET,ff ‘V‘/|Eref‘

Figure 31. Droop characteristics in steady state: reactive power as a function of voltage.

In steady state, the controller operates as follows:
In case k; = 0 (no droop control):

e The voltage |V| varies in a small range. The generator provides reactive power as needed
to maintain a certain voltage amplitude. As |V| decreases, the reactive power increases
to compensate.

e  The reactive power varies.

e  The generator operates as a voltage source, or like a grid forming inverter.

In case k; — oo:
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e  Thereactive power is regulated, Q ~ Q.
e  The voltage |V| varies.
e  The generator operates as a power source, or like a grid feeding inverter.

Middle values of k;:

e  Combine the properties of these two extreme cases.

o  The reactive power is regulated, but is not constant.

e The voltage |V| is somewhat regulated. The generator provides reactive power to maintain a
stable voltage.

e  Aswe shall see, the generator operates like a grid supporting inverter.

An additional objective of the voltage droop controller is to share the reactive power among the
generators. As an example, consider the system in Figure 32, which is described by the following set
of equations:

E E

v~ B ey - v, @~ 2 (51 - v)),
[Ex] = Eref1 — kg (Ql - Qref,l) o |2l = Erer2 — kg2 (Q2 ™ Qres 2) ' .
Qr=0Q1+ Q2.

Assume first that there is no droop control (k;; = k2 = 0), and Qp = 0. The resulting reactive

powers in this case are
|E1||Ez| |E1| — |E2|
Q1=—-Q = . 151
1 2 X |E1]—0—\E2| (151)

Here, even though Q; = 0, there may be significant reactive power flow between the two

generators. Now assume that the droop controller is active, and kg1 = kg2 = kg, Erer1 = Erer2 = Eref,
Qref1 = Qref2 = Qres- The resulting reactive powers in this case are Q1 = Q2 = %
The controller prevents circulation of reactive power, and shares the reactive power evenly between

the two generators.

iX
YY)
Q1=
"
|E1]£61
14
Il PQ
jX Q=
AN
load
4
|E2|£62

Figure 32. Example: Reactive power sharing between two generators.

4.6. Grid Supporting Inverters

Grid supporting inverters deliver power to the grid, while contributing to the stability and
reliability of the system, similarly to synchronous generators. This is achieved by means of a droop
control mechanism, that maintains an inverse relationship between w and P, and between |E| and Q.
A basic design is shown in Figure 33.
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Figure 33. Grid supporting inverter operating as a voltage source (conceptual control scheme).

Grid supporting inverters may be described as grid forming inverters with an additional droop
control mechanism:
w* = ws +3D(Pys — P),
u* (152)
7% = |E| = Eref +kq(Qref -Q),

where w; is the nominal grid frequency, ws = 2750 rad /s or ws = 2760 rad/s.

Such inverters may be viewed as a combination of grid forming and grid feeding inverters,
and the exact balance between these two modes of operation depends on the droop parameters D and
kq. For instance:

o If D = 0, then the frequency is constant w* = ws;, as in grid forming inverters.

e If D — oo, then the active power is constant P = Py, as in grid feeding inverters.

e Ifk; =0, then the voltage amplitude is constant |E| = E,f, as in grid forming inverters.

e Ifk; — oo, then the reactive power is constant Q = Q,.y, as in grid feeding inverters.

e Middle values: the inverter supports the grid by regulating the active power, reactive power,
frequency and voltage.

As an example, consider a grid supporting inverter connected to an infinite bus with a
frequency wg, where wy # ws. We will use this example to demonstrate the typical dynamics of grid
supporting inverters, and specifically to explain how the inverter synchronizes to the grid. To simplify,
it is assumed that k; = 0 (no voltage droop), and that the infinite bus voltage is |E| = E,, ¢ (RMS).

Intuitively, if w* > wyg the voltage angle at the inverter output gradually increases, which increases
the active power P, and decreases w*. On the other hand, if w* < wy the voltage angle gradually
decreases, which decreases the active power P, and increases w*. If this dynamic process is stable,
then in steady state w* = wy, and the inverter is synchronized to the grid.

This dynamic process is modeled as follows. The voltages at the output of the inverter stage are
givenby i1, = V2|E|, il; = 0, il = 0, where the reference angle of these dq0 signals is 6(t). In addition,
the voltages of the infinite bus are v; = v/2|E|, vy = 0,99 = 0 with a reference angle wqt. To represent
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the signals in the same reference frame, the voltages il , il;, 7y are transformed to the reference frame of
the infinite bus. The result is

Ug [cos (6 — wet) —sin(0 —wget) 0| [V2IE]|
ug| = |sin(6 —wgt)  cos(6 —wet) 0 0
o 0 0 1 0
. (153)
V2|E| cos(0 — wyt) V2|E| cos(4)
= | V2|E|sin(0 — wgt) | = | V2|E|sin(é) |,
0 0

where the angle J is defined as § = 0 — wyt.
To simplify the dynamic equations, we represent the system using time-varying phasors,
and estimate the active power P based on the DC power flow approximation. The two phasors are

(ug+ jug) = |E|(cos(6) + jsin(8)) = |E|Z6,

Hg\.i
N

(154)
V = — (v4 + jog) = |E|£0°,

&

and based on the DC power flow approximation, the active power is P = %(5 . The resulting dynamic
model is
|E?
0=0—-wet, P= —L(S,
“s (155)
%sz*:ws—i—BD Pes—P),
d
and several substitutions yield the differential equation
d |E?
aé = ws —wg +3D <Pref - ng(5> : (156)

Due to the negative feedback, this differential equation is stable for any D > 0. The steady state is
computed by solving %5 = 0, which yields

5= wgL P+ Ws — We (157)
TJEE YT 3D )
In addition, according to (155),
d « %
d=0—-wegt = aézw —wg=0 = W' =ws. (158)

So in the steady state w* = wy, and the inverter is synchronized to the grid.
Note that the system is not stable if D = 0, since in this case the inverter operates as a grid
forming inverter, and cannot be connected in parallel to an infinite bus.

4.7. Control of PMSM

This section presents a typical control scheme for Permanent Magnet Synchronous Motors
(PMSM). These motors are synchronous machines, in which permanent magnets are embedded in the
rotor to create a constant magnetic field. As in all synchronous machines, at steady state the rotor speed
is proportional to the frequency of currents and voltages in the stator. For this reason, such motors are
especially useful in applications that require precise speed or position control. This section focuses on
three-phase PMSM that have sinusoidal EMF (as opposed to motors with trapezoidal EMF).



Appl. Sci. 2018, 8, 1661 42 0f 48

Permanent magnet synchronous motors (with sinusoidal EMF) are modeled like synchronous

generators, with three modifications:

The stator currents are defined positive when flowing into the machine.

The term L,iy is replaced with A, which is the amplitude of the flux induced in the stator phases
by the permanent magnets on the rotor.

The electromagnetic torque accelerates the rotor, and the mechanical torque decelerates the rotor.
The angular acceleration is defined as %wm = % (Te — Tin).-

The resulting model is

d
59 = pwm,
d 1
a m—T(Te_Tm)/
ii —iv —Ei +ﬁ Wil
dt d= Ly d L d Ldp meq (159)
d i 1 % R i Epwmld _ Apw
dt L, L, L, Lq
d 1

al¥) i
dt 0 Lo Lo
The inputs of the model are v, v4, vg and T, and several additional outputs are

3 , .
T, = 5P (Aig+ (Lg — Ly) igig)

Pm = T, Pe = Tewp.

(160)

The reference angle for the dg0 transformation is the electrical angle 6. The symbols appearing in

these equations are:

6 is the rotor electrical angle, measured with respect to a fixed point on the stator;
p = poles/2 is the number of pole pairs;

Ly, Ly, Lo are the direct-axis, quadrature-axis, and zero-sequence inductances;

R is the resistance of the stator windings;

iq, g, ig are the stator currents (positive when flowing into the machine);

4, Vg, Vg are the stator voltages;

wp, is the angular velocity of the rotor;

A is the amplitude of the flux induced in the stator phases by the permanent magnets on the rotor;
| is the rotor moment of inertia;

Ty, T, are the mechanical and electromagnetic torques;

Pm, Pe are the mechanical and electromagnetic powers.

Similarly to synchronous generators, the model may be simplified by assuming a round rotor

(no saliency effects), such that Ly = L; = L. In this case, the motor may be described by the equivalent
circuit in Figure 34.

The induced EMF is given by e¢; = 0, ¢ = Apww, g = 0, where [e4,¢e;, eo]T is the dq0

transformation of [e,, ep, eC]T. In addition, for L; = L; = Ls, the electromagnetic torque is given by

3 .
T, = Ep)\zq. (161)

Therefore, the induced EMF is proportional to the angular velocity, while the electric torque is

proportional to the quadrature-axis current.
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Figure 34. Equivalent circuit for a permanent magnet synchronous motor with a round rotor (assuming
Ly=Lg = L)

The heart of the energy conversion process is described by the induced EMF source,
which converts electrical energy to mechanical energy. From a mechanical perspective,
the electromagnetic power is

3 .
Pe = Tewn = Ep/\wmzq, (162)

and from an electrical perspective,

(0-ig + Apwn -ig+2-0-0) = %p)xwmiq. (163)

N W

3 . . .
pe=> (eqiq + eqig + 2eqip) =

Both expressions are identical.

A basic control scheme is shown in Figure 35. The design consists of two loops: an inner
current loop, and an outer speed loop. The inner loop regulates the currents such that i; ~ i} and
ig ~ i, by adjusting the inverter duty cycles. The objective of the outer loop is to regulate the speed,
such that in steady state wy, ~ wy,. This is implemented by controlling i;, based on the approximated
relation between torque and current T, = % pAiy. If the speed wy, is too low, then i increases to produce
more torque, and to accelerate the rotor. If wy, is too high, then if; decreases to produce less torque,
and to decelerate the rotor. Two sensors are placed on the motor to measure the speed w;, and the

electrical angle 0. The latter is used as a reference angle for the dq0 transformation.

Vie

dy dq
dq0
dy dy 3-phase
N\ PWM .
do de inverter
T :
current iag abe fabe current
A R Sl
controller dqo sensors

i;ﬁ i Tg

speed N\ Wm speed 6 | position
—
controller N sensor sensor

Figure 35. A basic control scheme for a permanent magnet synchronous motor.



Appl. Sci. 2018, 8, 1661 44 0f 48

5. Conclusions

Due to the continuing integration of renewable energy sources and power electronics-based
devices, a central challenge in understanding the power systems of today is that the system under study
is frequently not quasi-static, and cannot be accurately described by means of time-varying phasors.
In such systems the classic power flow equations do not apply, and alternative models should be used
instead. In light of this challenge, this paper explains how to analyze complex dynamic phenomena in
power systems based on dg0 signals.

The paper opens by recalling basic concepts of the dg0 transformation and dq0-based models.
We then explain how to model essential components such as passive components, passive networks,
synchronous machines, and inverters, and how to systematically construct dg0-based models of
complex systems. We also discuss the relations between dg0-based models and classic time-varying
phasor models. Specifically, we highlight the idea that dq0 models may be viewed as a natural
extension of time-varying phasor models, and discuss the correct use and validity of each approach.
The theoretical analysis is supported by several examples.
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Appendix A. Useful DQO Identities

ToT, ' =T, ' Ty = L3, (A1)
,[1 00
T (T)" =210 1 0], (A2)
3 1
00 3
100
T 3
(71) ;' =50 1 o, (A3)
00 2
cos(6, —6,) sin(6, —6,) 0
TgHT(;blz —sin(6, — 6;,) cos(6,—6,) Of, (Ad)
0 0 1
d
4 f (A5)
—1 -1
with
0 g6 0
w=|-%6 0 0. (A6)
0 0 0

All identities may be proved by straightforward algebraic operations.
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Appendix B. The Synchronous Machine

Appendix B.1. Summary of Symbols and Definitions
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Table A1. Synchronous Machine: Symbols and Definitions.

“poles”—number of magnetic poles
on the rotor (must be even)

O—rotor electrical angle, with respect to a
fixed point on the stator

VE = wslysLy~induced EMF
at steady state and at nominal
frequency, peak value

J-rotor moment of inertia w = df/dt-rotor electrical frequency |E| = \%‘g = wlyly /22—
[rad/s] induced EMF at steady state and
at the rotor frequency, RMS value
D-damping factor Wy = ﬁw—rotor mechanical frequency iy, iy, ip-stator currents (generator
[rad/s] output currents)

Ly, Ly—direct axis and quadrature
axis synchronous inductances

ws—nominal grid frequency [rad/s]. For
instance, ws = 2750 or 2760 rad /s

V4, Vg, vp—stator  currents
(generator output voltages)

Ip—zero sequence inductance

Ty;—mechanical torque (accelerating the
rotor for generator)

2
K= (pozles ) ﬁ—swing equation

constant

Ls = 1(Lyj+Lg) synchronous
inductance

Te—electric torque (decelerating the rotor for
generator)

eq, eg, ep-induced EMF in the
simplified machine model

Lyg-stator to  rotor mutual
inductance (maximum value)

Py p-reference power for droop control.

This is the single phase output power
at steady state and at nominal frequency
(losses neglected)

vs—tield winding voltage

L f f—field winding self-inductance

pm = Tmwpy—mechanical power (total for
3-phase)

i f—field winding current

R;—armature resistance

pe = Tewp—electrical power (total for

3-phase)

Ad, Ag, Ag—stator flux linkages

Ry-field winding resistance

ps—machine output power (total for the 3
phases)

A f—field winding flux linkage

All dq0 quantities are defined in the rotor reference frame (with respect to ).

Appendix B.2. Default Values

Following are several default values which may be used to construct a quick simulation. Note

that practical machines may have different parameters. Define the following basic parameters:

L .

ws = 2750 or 2760 [rad/s] is the nominal grid frequency.

“poles” is the number of magnetic poles on the rotor (default is poles = 2).

P, [W] is the machine rated power (maximum power for a single phase).

Pyer [W] is the reference power for the droop control. This is the single-phase output power
of the machine at steady state, and at nominal frequency (losses neglected). This parameter
usually equals to a fraction of Py, for instance P, = 0.4P;;. This value may change during
normal operation.

5. E;t [Vrms] is the machine rated voltage, RMS value (induced EMF at nominal frequency).

Several default values based on these numbers are given in the following table.



Appl. Sci. 2018,

8, 1661

Table A2. Synchronous Machine: Default values.

Inertia constant

H=6

46 of 48

2

rotor moment of inertia ] = ( %les> % kg - m?=W-.s?
2
droop-control damping factor D= 0.03% <p021es) 1/(W-s)
direct axis synchronous inductance L; =06 PEEJS H
quadrature axis synchronous inductance Ly=1Lg4 H
synchronous inductance Ls = (Ls + Ly) /2 H
zero sequence inductance Lo =0.1L, H
armature resistance R, = 0.02%—?: Q
stator to rotor mutual inductance (maximum value)  L;r = 52 Pfi) H
212

field winding self-inductance Lis = L;f H
field winding resistance Rf= i—fzf Q
field winding current (default DC value) If = V2 w]ffnf A
field winding voltage (default DC value) Ve = IRy \%
constant used in the detailed dg0 model B =2L4Lss —3L2 . H?

2
swing equation constant K= <%les) ]i)s 1/(W-s?)
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