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ABSTRACT In order to keep constant DC-link voltage of a flywheel energy storage system (FESS) discharge
in a wide rotational speed range, the control structure of the FESS is comprised of an inner current loop and
an outer DC-link voltage loop. Since the dynamic equation of the DC-link voltage in the FESS discharge
is nonlinear, it is difficult for some controllers to make the DC-link voltage in discharge be constant as the
rotational speed is varying in a large range. Considering the nonlinearity of the DC-link voltage in discharge
and the fast discharge requirements of the FESS, an immersion and invariance manifold (I&IM) adaptive
nonlinear controller for a constant DC-link voltage is proposed via methodology of immersed in the invariant
manifold. The stability of the control algorithm and the influence of the parameter error on the stability are
verified by the Lyapunov stability theory, and the influence of the parameters error on the steady state and
transient characteristics of the closed-loop system is analyzed numerically. It is proved that the closed-loop
system satisfies the global uniform asymptotic stability conditions at the equilibrium point, and the error of
the model parameters does not affect the equilibrium point of the system. Finally, the effectiveness of the
1&IM adaptive nonlinear controller were studied by simulation and experiment. The results show that the
DC-link voltage in discharge remains stable when switching the system load in cases of different rotational
speeds and loads.

INDEX TERMS Flywheel energy storage system (FESS), bus voltage, immersion and invariance manifold

(I&IM), Lyapunov stability, adaptive nonlinear controller.

I. INTRODUCTION
Flywheel energy storage system (FESS) is an energy storage
system where mechanical energy is stored in a rotating fly-
wheel that is integrated with a motor/generator and driven
by a bidirectional power converter. It is very suitable in
cases when discharge is often needed during a short period
(tens of seconds) with medium to high power (kW to MW).
Therefore, the FESS is a competitive candidate in the fields of
energy recovery, micro grids, uninterruptible power supplies,
renewable energy resource, etc. [1]-[3].

In practice, as a storage device saving mechanical energy
from electrical energy, the integrated motor/generator is an
essential part of the FESS, the exchange between electricity
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and mechanical energy is just relying on the acceler-
ating and decelerating operation of the motor/generator.
At present, several types of motor/generator are available for
the FESS, among which the permanent magnet synchronous
motor/generator (PMSM/G) is often chosen for its high effi-
ciency, high power factor, high power density and good
dynamic performance [4].

The motor used in the FESS should operate in wide rota-
tional speed range due to its discharge mechanism, and the
rotational speed sudden change in a short discharge period
is a challenge for the controller design of the FESS. As the
rotational speed varies, the amplitude and frequency of back
electromotive force in the PMSM/G consecutively change.
In order to provide proper amounts of instantaneous power,
the active current has to be adjusted with relatively high
dynamic property. For the controller design of the FESS
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several advanced control methods have been proposed to
achieve high-precision control performance. These meth-
ods include the sliding model control, the adaptive control,
the internal model control, the active disturbance rejection
control, etc.

Since the discharge status usually has a great influence on
the performance of the FESS, keeping the DC-link voltage
constant in discharge is a practical strategy to make the FESS
track the power of the load devices as soon as possible.
However, most published papers on the control of the FESS
are focused on the torque current control [5]-[7] or coop-
eration with other parts of the system where the FESS is
applied [8]-[11], whereas limited work has been done upon
the underlying algorithm of the control of DC-link voltage in
the discharge process.

It has been recognized that the dynamic behavior of the
DC-link voltage in discharge based on a PWM rectifier is
nonlinear, and various attempts have been made to deal with
the nonlinearity with the common idea of designing a linear
controller after accurate linearization [12], [13]. However,
the accurate linearization is highly dependent on the accuracy
of the model and parameters of the system, which cannot be
obtained in practice, or too complex to implement in practice.

Some advanced adaptive control methods were proposed
to control nonlinear systems. Liu et al. [14] proposed adap-
tive fuzzy output-feedback tracking control to estimate the
unmeasurable states of the switched system, an appropri-
ate stochastic Lyapunov—Krasovskii functional tackled the
time-delay terms, and fuzzy logic systems were employed
to approximate the unknown nonlinearities. Sousy et al. [15]
proposed an adaptive nonlinear disturbance observer for iden-
tification and control of a two-axis motion control system
driven by two permanent-magnet linear synchronous motors
servo drives. Taghavifar et al. [16] estimated the nonlinear
system dynamics using the universal approximation capac-
ity of the neuro-fuzzy type-2 approach and the states were
obtained by the adaptive robust state observer. Ma et al. [17]
also proposed adaptive finite-time output-feedback control
for a class of completely non-affine uncertain switched
pure-feedback nonlinear systems with unmeasurable states.
Chang et al. [18] studied the estimation problem for a class
of nonlinear tunnel diode circuits with parameter pertur-
bation. Kenny et al. [19] presented a novel control algo-
rithm for the charging and discharging operation of FESS
served as uninterruptible power supply for space applica-
tion. Francisco et al. [8] put forward a new design and the
experimental validation of an energy management algorithm
for flywheel battery, aiming to smooth the power injected
to the grid by a wind turbine. Chang et al. [20] studied
a model-independent controller based on active disturbance
rejection control for the bidirectional Buck—Boost converter
control in the FESS, which can estimate and compensate
model uncertainties and unknown disturbances in real time,
but they do not focused on the effect of the wide-range
speed variation. Fang et al. [21] studied charging and dis-
charging control strategies for the FESS driven by switched
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reluctance machine. Zhang and Yang [22] proposed a robust
discharge strategy to deal with the wide range speed variation
and ensure a consistent robust discharge performance for the
PMSM/G-based FESS, but it only considers the model of
the outer DC-link voltage loop, whereas the inner current
loop still utilize the conventional PI control strategy. The
dynamic response and anti-disturbance performance of the
inner current loop is not considered. Then they [23] proposed
a DC-link voltage control strategy to ensure fast dynamic
performance within its wide operation range. Instead of the
conventional strategy with cascaded outer DC-link voltage
loop and inner current loop, the proposed strategy is a direct
voltage control strategy without an intermediate current loop.

Heo controller and w1 controller with good robustness and
simple structure could be adopted to improve capacity of
resisting disturbance in the FESS, but their control perfor-
mance relies heavily on accurate mathematical model of
the FESS. Although other novel controllers based intelli-
gent algorithm can also effectively tackle with self-adaptive
problem, the high computation complexity goes against the
improvement of dynamical response, and it increases the
design cost of software and hardware beyond doubt. There-
fore, it is hard for them to control dynamic performance
of nonlinear systems in short time. However, the real-time
dynamic control of DC-link voltage in discharge is significant
in the FESS. Moreover, the dynamic equation of the DC-link
voltage is a nonlinear function related to the motor rotational
speed. If the control algorithm cannot properly tackle this
nonlinear factor, the performance of system maybe deterio-
rated, even system may be unstable.

Fortunately, immersion and invariance manifold (I&IM)
adaptive control strategy has many advantages for uncertain
and nonlinear systems, such as having a simple structure,
strong robustness, and extensive applications. Bai et al. [24]
presented a function approximation technique based immer-
sion and invariance control to address the problem in the
nonlinear systems. Keighobadi et al. [25] used the 1&IM to
design an observer, whose problem is formulated as find-
ing a dynamics system, and a differentiable manifold in the
extended state space of the Euler angles-observer dynamics.
Yi et al. [26] also designed state observers based on the
1&IM for nonlinear systems. Thus, the I&IM adaptive control
strategy plays a vital role and has practical value in the FESS.
The 1&IM adaptive control strategy uses two classical tools
of nonlinear controller theory and of geometric nonlinear
control systems, i.e., system immersion and manifold invari-
ance, to reduce the problem of designing stable and adaptive
control laws for general nonlinear systems [27]-[29]. The
basic idea of the I&IM approach is to achieve the control
objective by immersing the plant into a possibly low-order
target system that captures the desired behavior. In adaptive
control problems, the method yields stabilizing schemes that
counter the effect of the uncertain parameters adopting a
robustness perspective. In contrast with some of the existing
adaptive controllers that treat these terms as disturbances
to be rejected [30], the I&IM approach somehow is similar
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to the procedure used in sliding mode control, where a
given manifold, the sliding surface, is rendered attractive
by a discontinuous control law [31]. The trajectories must
reach the manifold in the sliding mode control, while in
the I&IM approach the manifold needs not be reached, thus
the high-frequency oscillation in the sliding-mode control is
avoided. Indeed, there are other nonlinear controllers such as
back-stepping controller and robust controller [32], [33], but
these controllers’ parameters need to be adjusted based on
much experience, and these processes are time consuming.

Therefore, the I&IM adaptive control is chosen to realize
the dynamic control of DC-link voltage in due course in that
it only has three control parameters and less computation.
The 1&IM adaptive control not only can deal with control
problems in the nonlinear controllers, but also can tackle
self-adaptive problem of uncertainty which is a difficult prob-
lem for other nonlinear controllers. In particular, it is inde-
pendent of the object model, is insensitive to the variation of
system parameters, can restrain disturbance effectively, and
can improve FESS robustness. Therefore, the 1&IM is an
effective method for solving the fluctuation problem of the
DC-link voltage in the FESS.

The basic structure of the FESS controller is com-
prised of two loops. The inner one is current control loop,
while the outer one is DC-link voltage control loop. Consider-
ing the nonlinear property of the DC-link voltage in discharge
and the uncertain parameters in the PMSM/G based FESS,
an affine nonlinear model is built involving the dynamic
model of the inner current control loop in the system. Then
the nonlinear controller is proposed using the I&IM approach,
in which the instantaneous power of the load devices is
regarded as a variable parameter. An adaptive law is also
obtained via the I&IM approach. The stability of the overall
system and the influence of the parameter error on the stabil-
ity are verified by the Lyapunov stability theory, the influence
of the parameter error on the transient characteristics of the
closed-loop system is analyzed numerically. To investigate
the performance of the proposed strategy, the I&IM controller
of the DC-link voltage in the FESS in discharge is developed
and realized on the experimental rig, and the experimental
results in the whole available rotational speed range are
obtained.

Il. DYNAMIC CHARACTERISTICS OF THE DC-LINK
VOLTAGE IN PMSM/G BASED FESS
Topology structure of FESS studied in this paper is shown
in Fig. 1. The flywheel is coaxially connected with a
PMSM/G, and driven by a bidirectional power converter.
The DC bus capacitor acts as the interface to other parts
of the system, which can be a source or a load, depending
on the operational status.

Without considering non-linearity and hysteresis effect of
iron corn in the PMSM/G, a simple model can be derived
in the rotor flux orientation synchronous coordinates to
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FIGURE 1. Topology structure of FESS.

represent the dynamic characteristics of the stator currents:

dig

dt
. dig .

Vg = Rsig + LSE + wlgiq + oy,

va = Rsig + Lg — wlsig

, ey

where iy , and vy 4 are d-, g-axis stator current and voltage,
respectively. Ry is the stator resistance, and L; the stator
inductance. w is electrical angular velocity. ¥, is the flux
linkage of the PMSM/G.

According to the reference direction relation between the
load current and the DC-link current shown in Fig. 1, dynamic
equation of the DC-link voltage v4. can be expressed as

dvgc
dt

where C is the capacitor, ij,4q is the load current, ige and vy,
are the DC-link current and voltage, respectively.

When neglecting power loss of the converter, the power of
the AC side equals that of the DC side, it is described as

= —idge — ljoad (2)

. , . .3, .
Vdclde = Vazla + Vbzlb + Vezle = 5 (led + Vqlq) ) 3)

where v, vp; and v, are the voltage drops from nodes a, b,
and c to the node z, respectively, as illustrated in Fig. 1. i, ip,
and i, are the three-phase stator currents.
Substituting (1) and (3) into (2), the dynamic equation of
the DC-link voltage in the PMSM/G based FESS will be
dv?ic . 2
C7 = —3wYmiq — 3Rsig — 2Pioad; “

in which Pjyaq = Vaciload 18 the load power. (3) and (4) are
refer to [18] where describes the power balance between the
PMSMY/G and the bidirectional converter.

It is clear that (4) is a nonlinear system, so an appropriate
nonlinear controller needs to be designed to meet the require-
ment of dynamic response in the FESS. Both sides of (4)
are divided by C, and considering dvéc/dt = (vgc — ng)’ ,
it becomes

_30)Wmiq 3Rsi§ 2Pjoad
C C c ’

where V7. is the reference value of the DC-link voltage. The
current control loop of PMSM/G control system is assumed
to be a first order inertia element, which is usually a practical
choice. Owning to the FESS based on PMSM/G can be

)

2 2
vae — v;klc ) =
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regarded as a kind of PMSM control system, then concrete
transfer function is described as

ig(s)/ig(s) = po/(s + po) (6)
where iy is the reference value of the g-axis current, po
represents the bandwidth of the inner current control loop.

Using the inverse Laplace transform, one can obtain the
corresponding equation of (6) as
. ok . 7
i, = poit — iy, ©)
Further, combining (5) and (7) as
—3wYmiq 3Rsi62[ 2Pioad
C C C )

(vczlc - v:}cz )/ =
i/q = —poly —l-p()i:<
Subsequently, (8) is transferred into matrix form as

[(vgc - vﬁ)/:| _ [0 —3a)1ﬂmiq/C:| [vgc - v:‘;f:|
l

q 0 —Po lq
[0 =3Ry/CT[ (v, —vi)?
0 0 i2

2Pload/c 0 =
— |: 0 ] + |:p0] Iy O]

Equation (9) is a second-order nonlinear system with the
state variables x = (x1, x2)T, in which x; = véc - v:‘if, Xy =
i;, i;; is seen as the control input. Then the state equation of

DC-link voltage in the FESS is
x1] _ [0 =3wymig/Cl x| [0 —=3Ry/CT[xi
| |0 —Po X3 0 0 x%

2Pload/c 0
—[ 0 :|+|:p0:|u. (10)

However, considering the dynamic characteristics of the
inner current loop in the model, (10) can be transformed to
an affine nonlinear system, i. e.,

. 2
)‘cl—am—bxz—e (an
X2 = —pox2 + pou

where x; = vﬁc — ng, Xy = i:;, a = —3wy,/C,

b=3Ry/C,0 =2 Ppaq/C.

lIl. IMMERSION AND INVARIANCE MANIFOLD ADAPTIVE
CONTROLLER DESIGN
A. THE I&IM STABILIZATION THEORY
Remark 1. The I&IM adaptive control strategy plays a vital
role and has practical value in the FESS. The 1&IM adaptive
control strategy uses two classical tools of nonlinear con-
troller theory and of geometric nonlinear control systems,
i.e., system immersion and manifold invariance, to reduce
the problem of designing stable and adaptive control laws for
general nonlinear systems [8], [20], [21].

The basic result for the I&IM stabilization theory includes
a set of sufficient conditions for the construction of globally
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asymptotically stabilizing static state feedback control law
for affine nonlinear systems.
Consider the system

X =f(x)+ gu (12)

with x € R", u € R™, and an equilibrium x* € R”" to
be stabilized. Assume that there exist smooth mappings o:
R — RP, m: R? - R", ¢: R" — R®=P) c: RP — R™ y:
R*(=p) 5 R™ with p < n, such that the following results
hold.

(A1) The target system

§ =a(f), (13)

with £ € R? has a globally asymptotically stable equilibrium
at&* € R? and x* = w(§%).
(A2) Forall £ € R?,

a
Flr )]+ glm(E)lclm ()] = %a(é)- (14)

(A3) The set identity holds
M ={x e R"|¢(x) =0} = {x e R*|x = (&), & € RP}(15)

(A4) The manifold attractivity and trajectory boundedness
are designed as

|
z= %[f(x) + gx)v(x, 2)], (16)
X = f(x) + glovix, 2), (I7)
with the initial condition constraint
2(0) = ¢[x(0)], (18)

and v(x, z) verifying
v (§), 01 = c[w(§)], VE € R”. 19)
All trajectories of the system are bounded and satisfy
tl_l)rglo 2(1) = 0. (20)

Then x* is a globally asymptotically stable equilibrium of
the closed-loop system

X =f(x) +gx)vlx, p(x)]. 21

The procedure of I&IM stabilization theory’s derivation is:
Choose the target system (16) to obtain the manifold M, then
design the control input v[x, ¢(x)] to make M invariance and
asymptotically stable, therefore the system will converge to
the equilibrium point x* asymptotically.

B. THE I&IM ADAPTIVE CONTROLLER DESIGN

Remark 2. There are other nonlinear controllers such as
back-stepping controller and robust controller [24], [25], but
these controllers’ parameters need to be adjusted based on
much experience, and these processes are time consuming.
Therefore, the I&IM is an effective method for solving the
fluctuation problem of the DC-link voltage in the FESS.
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Specify the desired dynamic characteristic of the system as

£ =—ré, (22)

where A1 >0 is the parameter to adjust the dynamic perfor-
mance of the system.

It is clear that (22) has a globally asymptotical stable
equilibrium point at £* = 0. Then using (11) and (17), we can
derive x| — axy — bx% — 6 = 0 with x; = —Ajxq, (15) shows
¢(x) = 0, it means X — ax, — bx; — 6 = ¢(x). We let the
mapping relationship be x; = £, so the manifold is derived
as

d(x) = axy — bxs — 0 + Arx. (23)

According to the discussion above, once ¢(x) =0 is satis-
fied, the convergence rule x; = —Ajx; is obtained, and sub-
sequently, the state variable of the system will asymptotically
converge to the equilibrium x}* = 0.

Equation (23) is derived to obtain

¢ = (a — 2bx2)[—pox2 + pov(x, $)] + Ai(axz — bxs — 6).
(24)
If the control input is chosen as

=0+ 2)¢ + Aix
v(x, @) = ol — 25xa) +x2, (25)

then we have ¢ = —,¢, and ¢* = 0 is a globally asymptot-
ically stable equilibrium point.

The variable parameter 6 in the system is determined by the
instantaneous load power Pj,qq, thus its value is unknown.
In cases when the load devices are power electronic pieces
of equipment, the load current is different according to the
state of the power switches, so Pj,qq cannot be detected in
real-time by measuring the load current. Thus, we have to
design an adaptive law to estimate the value of 6. Using the
1&IM approach, the estimated value 6 can be expressed as

6 = 6 + 6p(x), (26)

where 6 is the integral term, and 6p is the proportional term.
Set the estimation error to be z = 6 — 0, then its derivative
is

Y R 36
F =0 + —(axs — bx3 — (0 — 2)) + —=(—pox2 + pou).
0x1 0x2

(27)
If the term é, is assigned to be
. a6p 2 A da6p
Oy = ——(axy — bxy — 0) — —(—pox2 + pou), (28)
x| 0xo
then (27) can be simplified as
a0
=Lz (29)
x|
If, further, choosing the value of 6p as
Op = —A3xi, (30)
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then it can be obtained that 7 = —A3z, the equilibrium point
Z* = 0 is asymptotically stable. ]

Substituting (30) into (28), the expression of 6; is derived
as

6; = r3(axy — bx3 — ). (31)
If the variable parameter 6 is replaced by 0, ¢(x) becomes
P(x) = axp — bx3 — 0 + z+ A1xy = p(x) + Aix. (32)

where ¢(x) = axp — bx% —0+z

Subsequently, the extended system with the state variables
(¢, z, x1, x2) can be obtained by substituting (32) and (25)
into (11). The dynamic equations are

d(x) = —hap + (A1 + 23)z
7= —\3Z
X]=—AMx1+¢+z2

= (ata)g+ax
- a—2bx2

(33)

For the subsystem of (33) with the state variables (¢, z, x1),
it is clear that its equilibrium point is at the origin (0, 0, 0).
Consider now the Lyapunov function V, = (¢ +x12 +k12%)/2,
whose time-derivative along the trajectories of (33) is

. 1 1
Vo=—50ux{+320” = 2619)— S (hixf +kidaz® — 2012)
1
—E[kz¢2 +kiA32? = 2(h1 + A3)ezl, (34)

where k; > 0 is a coefficient to be determined.
Using the inequality analysis technique, V, < 0 can be
satisfied when

Vare = Lykais > 1, Vkikars = A + A3 (35)

Obviously, the inequalities hold if k; is big enough. As a
consequence, the subsystem with the state variables (¢, z, x1)
is globally asymptotically stable at the equilibrium (0, 0, 0),
while x» will converge to the corresponding value and vary
according to the instantaneous load power Pjyq.

C. THE CONVERGENCE ANALYSIS OF I&IM

ADAPTIVE CONTROLLER

It is known from the above discussion that the stability of
the I&IM adaptive controller is verified via the Lyapunov
stability theory, but we hardly obtain the convergence char-
acteristics of the stator current from theory. The convergence
characteristics of the stator current are greatly depended on
the parameters A1, Ay and A3 of the I&IM adaptive controller.
According to (22), 1 represents state variable x1, the control
accuracy of the FESS is dependent on it. Due to the existence
of equilibrium point based on the transfer function charac-
teristics of closed loop system, then A; >0. A, represents
auxiliary state ¢ which has a great influence on the rapidity of
globally asymptotical stability. A3 stands for the convergence
rate of adaptive parameter error z, which can guarantee that
the FESS achieves stable state in finite time. The value of
A3 is limited by (35) to satisfy Lyapunov stability theory.
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Therefore, the effects of the parameters A1, A and A3 on the
system transient characteristics have to be investigated to get
a perception of the controller design.
When the stator resistance is ignore, i.e., let b = 0 in the
system model (11), linear approximation system is derived as
X]=ax; —0
T (36)
X2 = —pox2 + pou
Using the I&IM approach, the control law for (36) can be
summarized as

Op = —A3x]

01 = A3(axy — 6y — Op)

¢(x) = axo — 0y — Op + A1x1 . (37
—(A1 + A2)$ + Axy

u= =+ x2

poa

Substituting (37) into (36), the resulted closed-loop system
can be derived and expressed in the form of transfer function
from 6 to x; and 6 to x; as

xi(s)  —s(s+ A1+ A2+ A3)

0(s)  (s+AD(s+A)(s+A3)

x0(s)  (MAz 4+ A2A3 + A1A3)s + A1A2A3
0(s) ~ als +r)(s + A2)(s + A3)

It can be seen that both the transfer functions from 6 to x;
and 6 to x, are three-order, the steady state value of x1 is 0, and
that of x; is 6/ a. The parameters X1, A» and 13 are three poles
of the closed-loop system, and as a result, they determine its
transient characteristics.

The inevitable modeling error of the system will make the
experimental results deviate from the theoretical prediction.
Thus the controller parameters have to be adjusted according
to the actual situation. A theorem is achieved:

Theorem 1: Although these three parameters in the con-
troller represent symmetrical relationship in (38) and (39),
while according to the inequalities shown in (35) and the
experimental debugging results, choosing Ay > A3 > A will
result in better system performance.

This Theorem is also verified sufficiently in simulations
and experiments.

(38)

(39)

D. THE EFFECTIVENESS OF THE I&IM

ADAPTIVE CONTROLLER

The 1&IM adaptive controller can make the state variable x;
converge to the origin asymptotically, i.e., keep the DC-link
voltage of FESS discharge constant at the desired level when
load power varies.

To gain intuition on the performance of the I&IM adaptive
controller, numerical simulations are taken to investigate the
tracking performance of the estimated value 6 and state vari-
able with the I&IM adaptive controller. Set the load power
Pioaq to be a typical step kW —2kW —-2kW. According
to the current limit of the experimental rig, the limit of the
control input is set as —15 < u < 15. The simulation results
are shown in Fig. 2.
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FIGURE 2. Simulation of the system states and parameter estimation.

It is clearly shown that the state variable x; converges to 0
asymptotically regardless of the variation of Pj,,q, and xp
converges to the corresponding equilibrium value. It means
that the value of v:;C equals that of v, and i, is a constant.
The estimated parameter 6 tracks the real value 6 well, and its
transient performance has the characteristics of a first-order
system, as assigned in (31).

IV. EFFECTS OF THE PARAMETER DEVIATION ON
SYSTEM PERFORMANCE
In most cases, it is almost impossible to get the actual param-
eter value in practical applications, for the parameters always
drift according to the operating conditions. Therefore, it is
necessary to evaluate the effects of parameter error on the
system performance with the I&IM adaptive controller. In this
section, we take the influence of the stator resistance error to
investigate the level of these effects as an example.
Represent the nominal parameter used in the controller
ash = b+ Ab, where Ab is a parameter error. Then the
expression of ¢(x) becomes

P(x) = axy — (b + Ab)x3 — 0 + Apxy. (40)

Substituting (40) into the controller expression, the system
of the extended state variables (¢, z, x1, x2) with the parameter
error Ab can be derived as

$(x) = —r2 + (A1 + A3)(z + Abx3)
z=—3(z+ Abx3)
X1 = —hixi + Abx + ¢ +2 (1)
=i+ 2)¢ + Adxy
T a—=2b+ Ab)x

The equilibrium point of the system (41) is at (0,
— Ab(x;‘)z,o, x3), thus Ab only deviates the equilibrium point
of z from 0 and did not affect the equilibrium point of ¢
and x1. To investigate the system stability when Ab exists,
we adopt an auxiliary variable z; = z+ Abx%, then system is
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expressed as

$E) = —hatp + (b1 + A3)z
(M + A2)p + A3xy
X1 =—-Ax1+o+ 271
=0+ 2)¢ + AMx
 a—2b+ Ab)x>
Considering the Lyapunov function Vj, = (¢+x12+klz%) /2,
the time-derivative of V}, along the trajectories of (42) is

z=—3z1 + 2Abx3 —

. 1
Vi = 50»1)612 + Aa¢? — 2x1¢)
1
—E[klx% + ka2 = 2(1 + kiAo )xz ]

1
—5{)»2452 + kirazt = 2[h1 + Az — k(hp + A2)o 1oz )
(43)

_ 2Abxy
where 0 = 75350

When the equilibrium point of the state variables (¢, z1, x1)
in (42) is at (0, 0, 0). V}, < 0 is satisfied when

VAlAy > 1
Vikiaas = 1+ kirjo
Vkidodz = A+ A3 — ki(A1 + A2)o. (44)

Consider now the physical meaning of these parameters,
w¥ry, is the back electromotive force in the stator winding,
R;ig is the voltage of the stator resistance, therefore we have

a OYm
bx,  Riig '

Since the magnitude of the back electromotive force is
often larger than the voltage of the stator resistance, the range
of |o| is limited within O< |o| <1. As a matter of fact, (44)
can be regarded as a set of constraints for A1, Ay and A3.
When these inequalities are satisfied, the closed-loop system
is stable and the state variables (¢, z1, x1) will asymptotically
converge to the equilibrium point (0, 0, 0).

Since the resistance of the motor winding R varies with
the motor’s temperature in the actual system, so Ry is a
main parameter to cause modeling error in the process of
controller design. Therefore, we take the influence of the
stator resistance error to investigate the level of these effects
as an example. Besides, considering the effect of magnetic
saturation, the deviation of flux linkage ¥, was also been dis-
cussed. According to (23) and (11), considering a = a + Aa,
wher a and Aa represent the nominal parameter and deviation
caused by flux linkage vy, respectively, then the expression
of ¢ becomes

(45)

¢ = (a+ Aa)xy — bx3 — 6 — 724 Aix. (46)
Considering (11) and (25), x, can be expressed as

o = —poxz + pou = —[(A1 + A2)¢ + Ajx11/(a + 2bx7)
(47)
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In order to analyze the effect of Aa on the system stability,
we adopt an auxiliary variable zo = z 4+ Aax, and substi-
tute (46) into the controller expression, then the system can
be derived as

d(x) = —A2 + (A1 + A3)(z + axz)

22 =2+ Aaxy = —A3zn + X2

X =¢ —Aix1 +22 —2Aaxy (48)
_ =0+ A2)¢ + A
T a4+ Aa—2bx

Choosing candidate Lyapunov function V, = (¢ + xl2 +
klz%), and the time-derivative of V, along the trajectories
of (48) is

Vi = (¢ + 2x1%1 + 2k12222)
= —A20 + (A1 + A3)z2 + 2x1(—A1x1 + ¢
‘2 —2Aax2)+2k1z22[—A322 + o1 (A1 + A2)P + A%xl]
= —(Ax] + A2gp® — 2x10) — [Mix] + k1232
+2(1 + kiAfor)x122]
—{29” + kir3zs — 2[h1 + A3
—k1(A1 + A2)o1]dz1} — 4x1Aax; (49)

where o1 = Aa/[(a + Aa) — 2bx3].

The following steps are to ensure the candidate Lyapunov
function V, = (¢ + xl2 + klz%) is non-negative:

Stepl: In Ve = (¢ +x7 + k123), if ¢ >0, then V. = (¢ +
xl2 + klzg) >0, where k1 > 0. Therefore, we should verify ¢
is non-negative;

Step2: In (23), ¢(x) = axy; — bx% — 6 + Axt. In (11),
x| =axy — bx% — 6, then ¢(x) = X1 + A1x1;

Step3: According to (22), we make x; = —Ax1, therefore
¢(x) = 0;

Step4: The candidate Lyapunov function V, = (¢ + xl2 +
klz%) is non-negative.

When the equilibrium point of the state variables (¢, z2, x1)
in (49) is at (0, 0, 0). VC < 0 is satisfied when

Varg = 1,Vkiais = 1+ kiAjor, Aaxix; <0,
VkiroAs = A + A3 — k1(A + A2)o1. (50

Since deviations of coefficient a and b are indpendent of
the inductance, so the inductance cannot have a direct effect
on performance of the controller. In order to analyze the effect
of both Aa and Ab on the system stability, the auxiliary
variable zz = z + Aaxy; + Abxz2 is adopted. The concrete
derivation processes are similar to single parameter deviation
such as (42) and (48).

The numerical simulation results in cases of Ab = +0.5b
are shown in Fig. 3 with different deviations. As a comparison
with the case when Ab =0, the parameters of the model and
the controller are similar to those in Fig. 2. It is shown that
the estimated parameter 6 will converge to different values
according to variation of Ab, but x; will always converge
to 0, and the differences of the transient performance between
these three cases are rather small.
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FIGURE 3. Simulation of the system states and parameter estimation
when Ab exists.

Theorem 2: The parameter error in the system model hardly
affects the steady value of the DC-link voltage, and has a
small impact on the transient performance of the system.

V. SIMULATION AND EXPERIMENT RESULTS

In order to validate the proposed I&IM adaptive control
algorithm for the wide rotational speed range in the FESS
discharge, the simulation and experiment were conducted and
the results are presented in this section.

A. SIMULATION RESULTS OF THE FESS DISCHARGE OVER
THE WIDE ROTATIONAL SPEED RANGE

A simulation model for the FESS was built in the electrical
engineering software PLECS, the PLECS is the tool of choice
for high-speed simulations of power electronic systems, it is
available for seamless integration with MATLAB/Simulink.
The block diagram is shown in Fig. 4. The hardware structure
of this model is composed of a PMSM/G, a three-phase
converter, a capacitor for energy storage and a load resistance.
The parameters of the FESS used in the simulations are
similar to those of the prototype experimental rig, which are
shown in Table 1.

Xy
X5

(27)

> (22)

FIGURE 4. Block diagram of the FESS for simulation.

The controller of the system includes a DC-link voltage
controller, an inner current controller and a space vector
pulse-width modulation (SVPWM) module. The DC-link
voltage controller takes the error between the reference value
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TABLE 1. Parameters of the PMSM/G experimental rig.

Parameter Value
Stator Inductance 3.521 mH
Stator Resistance 0.171 Q
Permanent Magnet Flux Linkage ~ 0.0913 Wb
Maximal Speed 12000 r/min

Rated Stator Current 15A

Rotor Moment of Inertia 7 gm’
Pole Pairs of PMSM/G 1
DC-link Capacitor 21.2 mF
Rated DC-link Voltage 300 V
Sampling Frequency 10 kHz

Vi and the measured value vy as the input, and outputs
the reference current i* to the inner current controller. The
reference stator voltages, v4 and v,, then can be obtained
from the current controller. They will be converted to pulse
sequences to drive the converter via the SVPWM module.

When the parameters of the I&IM adaptive controller are
A = Xp = A3 = 2007w, the simulation results of the
FESS in discharge process are shown in Fig. 5(a), in which
the load power Py, is set as a step voltage sequence
0 kW—2 kW—0 kW. The corresponding rotational speed
at the step time is 11500 r/min. It is shown that the DC-link
voltage v4. can achieve steady state immediately as soon
as the load power steps, the recovery time is smaller than
0.2 s and the peak value of the voltage fluctuations is smaller
than 5 V. Moreover, the stator current i, converges to a value
to follow the load variety, and 6 tracks changes of the load
power Pj,qq smoothly. When Ay = A = A3 =10007, the
simulation results of the FESS in discharge process are shown
in Fig. 5 (b). Compared with Fig. 5 (a), Fig. 5 (b) shows that
the dynamic response performance is improved to shorten
transient process by increasing the parameters values of the
1&IM adaptive controller from 200z to 10007 . 6 and ig still
keep convergence smooth, the recovery time and peak value
of the DC-link voltage decrease to 0.05 s and 1 V in the case
of the Ay = A2 = A3z = 10007, respectively. During the
discharge process of the FESS, the rotational speeds drop and
iz varies to follow the load variety accordingly.

Besides, based on the theoretical analysis and parameter
selection principle of section C of chapter III, the parameters
of the I&IM adaptive controller need to meet the numeri-
cal relationship A, > A3z > A to improve the transient
characteristics to a large extent. In order to make (50) hold,
A1, A2, and A3 should be chosen reasonably. If A, A, and
A3 satisfy (50), then V., < 0. The control performance
varies with the parameters A1, A2, and A3. The simulation
results of the FESS in discharge process in the case of the
A1 =10m, Ay =240m, A3 = 407 are shown in Fig. 6,
in which the load power P, is set as a step voltage sequence
0 kW—2 kW—1.5 kW—0.6 kW—0 kW. The correspond-
ing rotational speeds at the step time are 12000, 10000,
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waveform is smooth, thus the voltage fluctuations of vy, at
the four step points are very small. The favorable results hold
in the wide rotational speed range, and the peak value of the
voltage fluctuations is smaller than 1 V.

8000 and 3000 r/min, respectively. It is shown that the As the rotational speed decreases from 12000 to
stator current i, changes immediately as soon as the load 3000 r/min, the DC-link voltage is kept stable at the reference

3
t (s)

FIGURE 6. Discharge process of the FESS, in which the parameters of the
1&IM adaptive controller are A1 = 107, A2 = 2407, A3 = 40x.
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FIGURE 9. Experimental discharge waveforms with the initial speed
of 12000 r/min, the impact load of 120€. (a) PI controller. (b) 1&IM
adaptive controller.

value 300 V in spite of the change of load power. It can be
concluded that the proposed I&IM adaptive controller can
maintain good characteristics during wide rotational speed
range operation.

B. EXPERIMENTAL PERFORMANCE BETWEEN THE I&IM
ADAPTIVE CONTROLLER AND THE Pl CONTROLLER OVER
WIDE ROTATIONAL SPEED RANGE
In order to compare the system performances between the
proposed I&IM adaptive controller and the traditional PI
controller over a wide rotational speed range, the experi-
ments were carried out on the FESS prototype experimental
rig shown in Fig. 7. The experimental rig is consisted of
a PMSM/G, a converter, a coaxially connected induction
motor and a resistance box, which can be used to imitate
the operation of a FESS. The resistance box acts as the load
of the system here. In the experiment, same gains for the PI
controller are used at different ranges. These gains have been
adjusted to the optimal ones to achieve satisfactory control
performance, where proportional gain kj, and integrating gain
ki are 0.6 and 10, respectively.

The discharge process of the FESS was realized in the
prototype experimental rig at three typical initial rotational
speeds of 12000, 9000 and 6000 r/min, respectively. At first,
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FIGURE 10. Experimental waveforms of line voltage and line current of
PMSM/G with 12000 r/min. (a) line voltage. (b) line current.
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the PMSM was accelerated to the desired initial rotational
speed by a coaxially connected induction motor, which was
driven by a commercial converter. Then the converter was
disconnected, and the intial DC-link voltage was stabilized
at 300 V in non-loaded condition. After that, a transient
loading test was conducted for both the two control methods
to compare the dynamic performance. The overall control
structure of the experimental rig is similar to the simulation
model.

Before the contrast experiment between the PI controller
and I&IM adaptive controller, the convergence characteristics
of the stator current with A, > A3 > A; are verified
in advance. The parameters of the PI controller are chosen
as optimal ones obtained in experiments. The experimental
results with the initial rotational speed of 9000 r/min are
shown in Fig. 8. It was observed that if the parameters in
the I&IM adaptive controller are equal, e.g., the experimental
results of Ay = Ay = Az = 4007 as show in Fig. 8(a),
the oscillation appears in the waveform of i; during the
convergence, whereas convergence is fast when A =10x,
A =240m and A3 =40x in Fig. 8(b).

The DC-link voltage waveforms in the transient loading
discharge test with the initial rotational speed of 12000 r/min
and the impact load of 120 € are shown in Fig. 9 for the
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FIGURE 11. Experimental discharge waveforms with the initial speed

of 9000 r/min and the impact load of 120 . (a) PI controller. (b) 1&IM
adaptive controller.

traditional PI controller and the I&IM adaptive controller,
respectively. It is shown that both controllers can recover to
300 V after a minor drop. The maximum voltage drops and
recovery time of the PI controller is 5.8 V and 0.3 s, whereas
those of the 1&IM adaptive controlleris 1.8 V and 0.16 s. The
1&IM adaptive controller shows a better regulation ability and
a more stable DC-link voltage. Since the output power of
a PMSM/G is proportional to its rotational speed, when the
rotational speed is lower than a minimum speed of PMSM/G
in real FESS applications, the output instantaneous power of
PMSM/G is lower than the load power, so the DC-link voltage
drops after time #,.

The experimental waveforms of line voltage and line cur-
rent of PMSM/G are shown in Fig. 10. The waveforms of
line current lags 120 degrees in turn and have good sinusoidal
degree. The amplitude of line current and that of line voltage
is about 5 A and 380 V, respectively.

The experimental results with the initial rotational speed
of 9000 r/min are shown in Fig. 11. The maximum voltage
drop and recovery time increase to 6.6 V and 0.57 s in the
case of the PI controller, whereas the results are 1.9 V and
0.19 s for the I&IM adaptive controller. It is shown that
the changes in the voltage drop and recovery time in the PI
controller are larger than that in the I&IM adaptive controller.
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FIGURE 12. Experimental waveforms of line voltage and line current of
PMSM/G with 9000 r/min. (a) line voltage. (b) line current.

In theory, the reason is that the operational rotational speed
and the nonlinear factor of the system are taken into account
in the I&IM adaptive controller design, but ignored in the PI
controller design.

The experimental waveforms of line voltage and line cur-
rent of PMSM/G are shown in Fig. 12. The waveforms of
line current lags 120 degrees in turn and have good sinusoidal
degree. The amplitude of line current is about 5 A.

The experimental results with the initial rotational speed of
6000 r/min are shown in Fig. 13. Experimental waveforms of
line voltage and line current of PMSM/G are shown in Fig.
14. The maximum voltage drops and the recovery time with
the PI controller increase to 7.5 V and 0.6 s, respectively,
whereas the results are 2.2 V and 0.2 s for the I&IM adaptive
controller. The I1&IM adaptive controller still shows a better
regulation ability and a smaller change in transient perfor-
mance. The waveforms of line current lags 120 degrees in turn
and still have good sinusoidal degree. In practical, according
to the experiment results, we draw a conclusion that value
of maximum voltage drops with PI is almost four times than
that with 1&IM adaptive controller when the experimental
prototype rig is operated at 12000, 9000, and 6000 r/min,
respectively. Similarly, value of voltage recovery time with
PI is almost three times than that with the I&IM adaptive
controller at different rotating speed, respectively.
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FIGURE 13. Experimental discharge waveforms with the initial speed
of 6000 r/min and the impact load of 120 €. (a) PI controller. (b) 1&IM
adaptive controller.
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FIGURE 14. Experimental waveforms of line voltage and line current of
PMSM/G with 6000 rpm. (a) line voltage. (b) line current.

The purpose of this example is to show shorter regulation
ability and more stable DC-link voltage in the discharge
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FIGURE 15. Experimental discharge waveforms with the initial speed
of 12000 r/min and the impact load of 75 . (a) PI controller. (b) 1&IM
adaptive controller.
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FIGURE 16. Experimental discharge waveforms with the initial speed
of 6000 r/min and the impact load of 160 Q. (a) PI controller. (b) 1&IM
adaptive controller.

process of the FESS using the I&IM adaptive controller at
three typical initial rotational speeds of 12000, 9000 and
6000 r/min, with the impact load of 120 €.
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Further, in order to verify the effectiveness of the 1&IM
adaptive controller as impact load varies. Fig. 15 and Fig. 16
shows the results when impact load is 75 €2 with the rota-
tional speed of 12000 r/min and impact load is 160 2 with
the rotational speed of 6000 r/min, respectively. In Fig. 15,
the maximum voltage drop and recovery time increase to
7.9 V and 0.35 s in the case of the PI controller, whereas the
results are 3.7 V and 0.18 s for the I&IM adaptive controller.
In Fig. 16, the maximum voltage drop (7.2 V) with the PI
controller is four times higher than that (1.8 V) with the I&IM
adaptive controller, and the recovery time (0.5 s) with PI
controller is five times higher than that (0.1 s) with the I&IM
adaptive controller. It is shown that the DC-link voltage with
the PI controller and the 1&IM adaptive controller can both
recover to 300 V after a minor drop.

Therefore, we concluded that the proposed I&IM adap-
tive controller realizes a better transient performance when
switching load within the wide rotational speed range from
6000 to 12000 r/min. The purpose of this example is to verify
the effectiveness of the I&IM adaptive controller as impact
load changes to 75 €2, 120 2 and 160 2.

Based on above results, it is shown that the I&IM adaptive
control can be applied to the cooperative control problem.
In particular, the control performance is much more effective
when combing the I&IM adaptive controller and some opti-
mization algorithm. For example, Deng et al. [34] introduced
an adaptive technique, a distributed resilient control method
for frequency/voltage restoration, fair real power sharing
and state-of-charge balancing in MGs with multiple ESSs is
proposed in the presence of actuation/propulsion faults and
attacks. The stability of the proposed method is rigorously
proved by Lyapunov methods. This adaptive technique could
be replaced by the I&IM adaptive controller which is a non-
linear controller and has good robustness. Wang et al. [35]
proposed a metamorphic adaptive low-gain feedback
approach to investigate the semi-global robust tracking con-
sensus problem of multi-agent uncertain systems with input
saturation under a directed communication topology. In addi-
tion, Wang et al. [36] also proposed a multiple saturation
levels framework to investigate the semi-global tracking
cooperative control problem of multi-agent systems with
switching communication topologies. Because the research
objects of [35] and [36] are nonlinear systems, the 1&IM
adaptive controller is also useful to address this question.

VI. CONLUSION

This paper proposed an adaptive nonlinear controller for
wide rotational speed operation of a PMSM/G based FESS.
To realize the nonlinear control algorithm, the character-
istic of the inner current control loop is incorporated in
the dynamic equation of the DC-link voltage to form an
affine nonlinear system. The control law and the adap-
tive law are derived by establishing a mapping relationship
between the controlled plant and the desired target sys-
tem using the I&IM approach. The advantage of the I&IM
adaptive controller is that the convergence characteristics of
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the estimated parameter can be regulated quantitatively. The
globally asymptotically stability of the system at the equilib-
rium point is verified via the Lyapunov stability theory. Theo-
retical analysis shows that the parameter error does not affect
the position of the equilibrium point, and the experimental
results verify the stability and good dynamic response of the
closed-loop system within a wide rotational speed operation
when using the proposed I&IM adaptive controller. In future,
we will furtherly study the control strategy of the FESS, such
as active control for rotor vibration and active magnetic bear-
ing technology application including high-speed flywheel
storage systems, especially in the full rotational speed range
including the rigid mode frequency.
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