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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

I&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

The associate editor coordinating the review of this manuscript and
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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

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.

H∞ controller and µ 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 I&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

I&IM for nonlinear systems. Thus, the I&IM adaptive control

strategy plays a vital role and has practical value in the FESS.

The I&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 I&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 I&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.

II. 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

FIGURE 1. Topology structure of FESS.

represent the dynamic characteristics of the stator currents:










vd = Rsid + Ls
did

dt
− ωLsiq

vq = Rsiq + Ls
diq

dt
+ ωLsid + ωψm

, (1)

where id,q and vd,q are d-, q-axis stator current and voltage,

respectively. Rs is the stator resistance, and Ls the stator

inductance. ω is electrical angular velocity. ψm is the flux

linkage of the PMSM/G.

According to the reference direction relation between the

load current and theDC-link current shown in Fig. 1, dynamic

equation of the DC-link voltage vdc can be expressed as

C
dvdc

dt
= −idc − iload , (2)

where C is the capacitor, iload is the load current, idc and vdc
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

vdcidc = vazia + vbzib + vczic =
3

2

(

vdid + vqiq
)

, (3)

where vaz, vbz and vcz are the voltage drops from nodes a, b,

and c to the node z, respectively, as illustrated in Fig. 1. ia, ib
and ic 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

C
dv2dc
dt

= −3ωψmiq − 3Rsi
2
q − 2Pload, (4)

in which Pload = vdciload is the load power. (3) and (4) are

refer to [18] where describes the power balance between the

PMSM/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 dv2dc/dt = (v2dc − v∗2dc )
′,

it becomes

(v2dc − v∗2dc )
′ =

−3ωψmiq

C
−

3Rsi
2
q

C
−

2Pload

C
, (5)

where v∗dc 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
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regarded as a kind of PMSM control system, then concrete

transfer function is described as

iq(s)/i
∗
q(s) = p0/(s+ p0), (6)

where i∗q is the reference value of the q-axis current, p0
represents the bandwidth of the inner current control loop.

Using the inverse Laplace transform, one can obtain the

corresponding equation of (6) as

i′q = p0(i
∗
q − iq), (7)

Further, combining (5) and (7) as







(v2dc − v∗2dc )
′ =

−3ωψmiq

C
−

3Rsi
2
q

C
−

2Pload

C
i′q = −p0iq + p0i

∗
q

. (8)

Subsequently, (8) is transferred into matrix form as
[

(v2dc − v∗2dc )
′

i′q

]

=

[

0 −3ωψmiq/C

0 −p0

] [

v2dc − v∗2dc
iq

]

−

[

0 −3Rs/C

0 0

] [

(v2dc − v∗2dc )
2

i2q

]

−

[

2Pload/C

0

]

+

[

0

p0

]

i∗q. (9)

Equation (9) is a second-order nonlinear system with the

state variables x = (x1, x2)
T, in which x1 = v2dc − v∗2dc , x2 =

i∗q, i
∗
q is seen as the control input. Then the state equation of

DC-link voltage in the FESS is
[

ẋ1
ẋ2

]

=

[

0 −3ωψmiq/C

0 −p0

] [

x1
x2

]

−

[

0 −3Rs/C

0 0

] [

x21
x22

]

−

[

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.,
{

ẋ1 = ax2 − bx22 − θ

ẋ2 = −p0x2 + p0u
(11)

where x1 = v2dc − v∗2dc , x2 = i∗q, a = −3ωψm/C,

b = 3 Rs/C, θ = 2 Pload/C .

III. 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 I&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

asymptotically stabilizing static state feedback control law

for affine nonlinear systems.

Consider the system

ẋ = f (x) + g(x)u (12)

with x ∈ R
n, u ∈ R

m, and an equilibrium x∗ ∈ R
n to

be stabilized. Assume that there exist smooth mappings α:

R
p → R

p, π : Rp → R
n, φ: Rn → R(n−p), c: Rp → R

m, v:

R
n×(n−p) → R

m, with p < n, such that the following results

hold.

(A1) The target system

ξ = α(ξ ), (13)

with ξ ∈ R
p has a globally asymptotically stable equilibrium

at ξ∗ ∈ R
p and x∗ = π (ξ∗).

(A2) For all ξ ∈ R
p,

f [π (ξ )] + g[π (ξ )]c[π (ξ )] =
∂π

∂ξ
α(ξ ). (14)

(A3) The set identity holds

M = {x ∈ Rn|φ(x) = 0} = {x ∈ Rn|x = π (ξ ), ξ ∈ Rp}.(15)

(A4) The manifold attractivity and trajectory boundedness

are designed as

ż =
∂φ

∂x
[f (x) + g(x)v(x, z)], (16)

ẋ = f (x) + g(x)v(x, z), (17)

with the initial condition constraint

z(0) = φ[x(0)], (18)

and v(x, z) verifying

v[π (ξ ), 0] = c[π (ξ )],∀ξ ∈ Rp. (19)

All trajectories of the system are bounded and satisfy

lim
t→∞

z(t) = 0. (20)

Then x∗ is a globally asymptotically stable equilibrium of

the closed-loop system

ẋ = f (x) + g(x)v[x, φ(x)]. (21)

The procedure of I&IM stabilization theory’s derivation is:

Choose the target system (16) to obtain the manifoldM , then

design the control input v[x, φ(x)] to makeM 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

ξ̇ = −λ1ξ, (22)

where λ1 >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 ξ∗ = 0. Then using (11) and (17), we can

derive ẋ1 − ax2 − bx22 − θ = 0 with ẋ1 = −λ1x1, (15) shows

φ(x) = 0, it means ẋ1 − ax2 − bx22 − θ = φ(x). We let the

mapping relationship be x1 = ξ , so the manifold is derived

as

φ(x) = ax2 − bx22 − θ + λ1x1. (23)

According to the discussion above, once φ(x) =0 is satis-

fied, the convergence rule ẋ1 = −λ1x1 is obtained, and sub-

sequently, the state variable of the system will asymptotically

converge to the equilibrium x∗
1 = 0.

Equation (23) is derived to obtain

φ̇ = (a− 2bx2)[−p0x2 + p0v(x, φ)] + λ1(ax2 − bx22 − θ ).

(24)

If the control input is chosen as

v(x, φ) =
−(λ1 + λ2)φ + λ21x1

p0(a− 2bx2)
+ x2, (25)

then we have φ̇ = −λ2φ, and φ
∗ = 0 is a globally asymptot-

ically stable equilibrium point.

The variable parameter θ in the system is determined by the

instantaneous load power Pload , 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 Pload cannot be detected in

real-time by measuring the load current. Thus, we have to

design an adaptive law to estimate the value of θ . Using the

I&IM approach, the estimated value θ̂ can be expressed as

θ̂ = θI + θP(x), (26)

where θI is the integral term, and θP is the proportional term.

Set the estimation error to be z = θ̂ − θ , then its derivative

is

ż = θ̇I +
∂θP

∂x1
(ax2 − bx22 − (θ̂ − z)) +

∂θP

∂x2
(−p0x2 + p0u).

(27)

If the term θ̇I is assigned to be

θ̇I = −
∂θP

∂x1
(ax2 − bx22 − θ̂ ) −

∂θP

∂x2
(−p0x2 + p0u), (28)

then (27) can be simplified as

ż =
∂θP

∂x1
z. (29)

If, further, choosing the value of θP as

θP = −λ3x1, (30)

then it can be obtained that ż = −λ3z, the equilibrium point

z∗ = 0 is asymptotically stable.

Substituting (30) into (28), the expression of θ̇I is derived

as

θ̇I = λ3(ax2 − bx22 − θ̂ ). (31)

If the variable parameter θ is replaced by θ̂ , φ(x) becomes

φ(x) = ax2 − bx22 − θ̂ + z+ λ1x1 = φ̃(x) + λ1x1. (32)

where φ̃(x) = ax2 − bx22 − θ̂ + z.

Subsequently, the extended system with the state variables

(φ, z, x1, x2) can be obtained by substituting (32) and (25)

into (11). The dynamic equations are






















φ̇(x) = −λ2φ + (λ1 + λ3)z

ż = −λ3z

ẋ1 = −λ1x1 + φ + z

ẋ2 =
−(λ1+λ2)φ+λ21x1

a−2bx2

. (33)

For the subsystem of (33) with the state variables (φ, z, x1),

it is clear that its equilibrium point is at the origin (0, 0, 0).

Consider now the Lyapunov function Va = (φ+x21 +k1z
2)/2,

whose time-derivative along the trajectories of (33) is

V̇a = −
1

2
(λ1x

2
1+λ2φ

2 − 2x1φ)−
1

2
(λ1x

2
1 + k1λ3z

2 − 2x1z)

−
1

2
[λ2φ

2 + k1λ3z
2 − 2(λ1 + λ3)φz], (34)

where k1 > 0 is a coefficient to be determined.

Using the inequality analysis technique, V̇a ≤ 0 can be

satisfied when
√

λ1λ2 ≥ 1,
√

k1λ1λ3 ≥ 1,
√

k1λ2λ3 ≥ λ1 + λ3. (35)

Obviously, the inequalities hold if k1 is big enough. As a

consequence, the subsystem with the state variables (φ, z, x1)

is globally asymptotically stable at the equilibrium (0, 0, 0),

while x2 will converge to the corresponding value and vary

according to the instantaneous load power Pload .

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 λ1, λ2 and λ3 of the I&IM adaptive controller.

According to (22), λ1 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 λ1 >0. λ2 represents

auxiliary state φ which has a great influence on the rapidity of

globally asymptotical stability. λ3 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

λ3 is limited by (35) to satisfy Lyapunov stability theory.
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Therefore, the effects of the parameters λ1, λ2 and λ3 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
{

ẋ1 = ax2 − θ

ẋ2 = −p0x2 + p0u
. (36)

Using the I&IM approach, the control law for (36) can be

summarized as


























θP = −λ3x1

θ̇I = λ3(ax2 − θI − θP)

φ(x) = ax2 − θI − θP + λ1x1

u =
−(λ1 + λ2)φ + λ21x1

p0a
+ x2

. (37)

Substituting (37) into (36), the resulted closed-loop system

can be derived and expressed in the form of transfer function

from θ to x1 and θ to x2 as

x1(s)

θ (s)
=

−s(s+ λ1 + λ2 + λ3)

(s+ λ1)(s+ λ2)(s+ λ3)
, (38)

x2(s)

θ (s)
=

(λ1λ2 + λ2λ3 + λ1λ3)s+ λ1λ2λ3

a(s+ λ1)(s+ λ2)(s+ λ3)
. (39)

It can be seen that both the transfer functions from θ to x1
and θ to x2 are three-order, the steady state value of x1 is 0, and

that of x2 is θ / a. The parameters λ1, λ2 and λ3 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 λ2 > λ3 > λ1 will

result in better system performance.

This Theorem is also verified sufficiently in simulations

and experiments.

D. THE EFFECTIVENESS OF THE I&IM

ADAPTIVE CONTROLLER

The I&IM adaptive controller can make the state variable x1
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 θ̂ and state vari-

able with the I&IM adaptive controller. Set the load power

Pload to be a typical step 1kW →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.

FIGURE 2. Simulation of the system states and parameter estimation.

It is clearly shown that the state variable x1 converges to 0

asymptotically regardless of the variation of Pload , and x2
converges to the corresponding equilibrium value. It means

that the value of v∗dc equals that of vdc, and iq is a constant.

The estimated parameter θ̂ tracks the real value θ 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 performancewith the I&IMadaptive 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

as b̂ = b + 1b, where 1b is a parameter error. Then the

expression of φ(x) becomes

φ(x) = ax2 − (b+1b)x22 − θ̂ + λ1x1. (40)

Substituting (40) into the controller expression, the system

of the extended state variables (φ, z, x1, x2) with the parameter

error 1b can be derived as



























φ̇(x) = −λ2φ + (λ1 + λ3)(z+1bx22 )

ż = −λ3(z+1bx22 )

ẋ1 = −λ1x1 +1bx22 + φ + z

ẋ2 =
−(λ1 + λ2)φ + λ21x1

a− 2(b+1b)x2

(41)

The equilibrium point of the system (41) is at (0,

−1b(x∗
2 )

2,0, x∗
2 ), thus1b only deviates the equilibrium point

of z from 0 and did not affect the equilibrium point of φ

and x1. To investigate the system stability when 1b exists,

we adopt an auxiliary variable z1 = z+1bx22 , then system is
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expressed as


































φ̇(ξ ) = −λ2φ + (λ1 + λ3)z1

ż = −λ3z1 + 21bx22
−(λ1 + λ2)φ + λ21x1

a− 2(b+1b)x2
ẋ1 = −λ1x1 + φ + z1

ẋ2 =
−(λ1 + λ2)φ + λ21x1

a− 2(b+1b)x2

(42)

Considering the Lyapunov functionVb = (φ+x21+k1z
2
1)/2,

the time-derivative of Vb along the trajectories of (42) is

V̇b =
1

2
(λ1x

2
1 + λ2φ

2 − 2x1φ)

−
1

2
[λ1x

2
1 + k1λ3z

2
1 − 2(1 + k1λ

2
1σ )x1z1]

−
1

2
{λ2φ

2 + k1λ3z
2
1 − 2[λ1 + λ3 − k(λ1 + λ2)σ ]φz1}

(43)

where σ = 21bx2
a−2(b+1b)x2

.

When the equilibrium point of the state variables (φ, z1, x1)

in (42) is at (0, 0, 0). V̇b ≤ 0 is satisfied when
√

λ1λ2 ≥ 1
√

k1λ1λ3 ≥ 1 + k1λ
2
1σ

√

k1λ2λ3 ≥ λ1 + λ3 − k1(λ1 + λ2)σ. (44)

Consider now the physical meaning of these parameters,

ωψm is the back electromotive force in the stator winding,

Rsiq is the voltage of the stator resistance, therefore we have

a

bx2
= −

ωψm

Rsiq
. (45)

Since the magnitude of the back electromotive force is

often larger than the voltage of the stator resistance, the range

of |σ | is limited within 0< |σ | <1. As a matter of fact, (44)

can be regarded as a set of constraints for λ1, λ2 and λ3.

When these inequalities are satisfied, the closed-loop system

is stable and the state variables (φ, z1, x1) will asymptotically

converge to the equilibrium point (0, 0, 0).

Since the resistance of the motor winding Rs varies with

the motor’s temperature in the actual system, so Rs 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 linkageψm was also been dis-

cussed. According to (23) and (11), considering â = a+1a,

wher â and1a represent the nominal parameter and deviation

caused by flux linkage ψm, respectively, then the expression

of φ becomes

φ = (a+1a)x2 − bx22 − θ − z+ λ1x1. (46)

Considering (11) and (25), ẋ2 can be expressed as

ẋ2 = −p0x2 + p0u = −[(λ1 + λ2)φ + λ21x1]/(a+ 2bx2)

(47)

In order to analyze the effect of1a on the system stability,

we adopt an auxiliary variable z2 = z + 1ax2 and substi-

tute (46) into the controller expression, then the system can

be derived as


























φ̇(x) = −λ2φ + (λ1 + λ3)(z+ ax2)

ż2 = ż+1aẋ2 = −λ3z2 + ẋ2

ẋ1 = φ − λ1x1 + z2 − 21ax2

ẋ2 =
−(λ1 + λ2)φ + λ21x1

a+1a− 2bx2

(48)

Choosing candidate Lyapunov function Vc = (φ + x21 +

k1z
2
2), and the time-derivative of Vb along the trajectories

of (48) is

V̇b = (φ̇ + 2x1ẋ1 + 2k1z2ż2)

= −λ2φ + (λ1 + λ3)z2 + 2x1(−λ1x1 + φ

+z2−21ax2)+2k1z2[−λ3z2 + σ1(λ1 + λ2)φ + λ21x1]

= −(λ1x
2
1 + λ2φ

2 − 2x1φ) − [λ1x
2
1 + k1λ3z

2
2

+2(1 + k1λ
2
1σ1)x1z2]

−{λ2φ
2 + k1λ3z

2
2 − 2[λ1 + λ3

−k1(λ1 + λ2)σ1]φz1} − 4x11ax2 (49)

where σ1 = 1a/[(a+1a) − 2bx2].

The following steps are to ensure the candidate Lyapunov

function Vc = (φ + x21 + k1z
2
2) is non-negative:

Step1: In Vc = (φ + x21 + k1z
2
2), if ϕ ≥0, then Vc = (φ +

x21 + k1z
2
2) ≥0, where k1 > 0. Therefore, we should verify ϕ

is non-negative;

Step2: In (23), φ(x) = ax2 − bx22 − θ + λ1x1. In (11),

ẋ1 = ax2 − bx22 − θ, then φ(x) = ẋ1 + λ1x1;

Step3: According to (22), we make ẋ1 = −λ1x1, therefore

φ(x) = 0;

Step4: The candidate Lyapunov function Vc = (φ + x21 +

k1z
2
2) is non-negative.

When the equilibrium point of the state variables (φ, z2, x1)

in (49) is at (0, 0, 0). V̇c ≤ 0 is satisfied when
√

λ1λ2 ≥ 1,
√

k1λ1λ3 ≥ 1 + k1λ
2
1σ1,1ax1x2 ≤ 0,

√

k1λ2λ3 ≥ λ1 + λ3 − k1(λ1 + λ2)σ1. (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 1a and 1b on the system stability, the auxiliary

variable z3 = z + 1ax2 + 1bx22 is adopted. The concrete

derivation processes are similar to single parameter deviation

such as (42) and (48).

The numerical simulation results in cases of 1b = ±0.5b

are shown in Fig. 3 with different deviations. As a comparison

with the case when 1b =0, the parameters of the model and

the controller are similar to those in Fig. 2. It is shown that

the estimated parameter θ̂ will converge to different values

according to variation of 1b, but x1 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 1b exists.

Theorem 2:The parameter error in the systemmodel 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.

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

TABLE 1. Parameters of the PMSM/G experimental rig.

v∗dc and the measured value vdc as the input, and outputs

the reference current i∗q to the inner current controller. The

reference stator voltages, vd and vq, 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

λ1 = λ2 = λ3 = 200π , the simulation results of the

FESS in discharge process are shown in Fig. 5(a), in which

the load power Pload 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 vdc 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 iq converges to a value

to follow the load variety, and θ̂ tracks changes of the load

power Pload smoothly. When λ1 = λ2 = λ3 =1000π , 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

I&IM adaptive controller from 200π to 1000π . θ̂ and iq 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 λ1 = λ2 = λ3 = 1000π , respectively. During the

discharge process of the FESS, the rotational speeds drop and

ia 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 λ2 > λ3 > λ1 to improve the transient

characteristics to a large extent. In order to make (50) hold,

λ1, λ2, and λ3 should be chosen reasonably. If λ1, λ2, and

λ3 satisfy (50), then V̇c ≤ 0. The control performance

varies with the parameters λ1, λ2, and λ3. The simulation

results of the FESS in discharge process in the case of the

λ1 =10π , λ2 =240π , λ3 = 40π are shown in Fig. 6,

in which the load power Pload 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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FIGURE 5. Discharge process of FESS. (a) λ1 = λ2 = λ3 = 200π .
(b) λ1 = λ2 = λ3 = 1000π .

FIGURE 6. Discharge process of the FESS, in which the parameters of the
I&IM adaptive controller are λ1 = 10π, λ2 = 240π , λ3 = 40π .

8000 and 3000 r/min, respectively. It is shown that the

stator current iq changes immediately as soon as the load

FIGURE 7. PMSM/G prototype experimental rig.

FIGURE 8. Experimental discharge waveforms of the I&IM adaptive
controller. (a)λ1 = λ2 = λ3 = 400π . (b) λ1 = 10π, λ2 = 240π , λ3 = 40π .

power changes. The transient process is short and the current

waveform is smooth, thus the voltage fluctuations of vdc 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.

As the rotational speed decreases from 12000 to

3000 r/min, the DC-link voltage is kept stable at the reference
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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) I&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 PI 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 kp 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,

FIGURE 10. Experimental waveforms of line voltage and line current of
PMSM/G with 12000 r/min. (a) line voltage. (b) line current.

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 λ2 > λ3 > λ1 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 λ1 = λ2 = λ3 = 400π as show in Fig. 8(a),

the oscillation appears in the waveform of iq during the

convergence, whereas convergence is fast when λ1 =10π ,

λ2 =240π and λ3 =40π 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) I&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 I&IM adaptive controller is 1.8 V and 0.16 s. The

I&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 t2.

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.

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 I&IM adaptive controller still shows a better

regulation ability and a smaller change in transient perfor-

mance. Thewaveforms 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 I&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) I&IM
adaptive controller.

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

FIGURE 15. Experimental discharge waveforms with the initial speed
of 12000 r/min and the impact load of 75 �. (a) PI controller. (b) I&IM
adaptive controller.

FIGURE 16. Experimental discharge waveforms with the initial speed
of 6000 r/min and the impact load of 160 �. (a) PI controller. (b) I&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 I&IM

adaptive controller as impact load varies. Fig. 15 and Fig. 16

shows the results when impact load is 75 � with the rota-

tional speed of 12000 r/min and impact load is 160 � 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 I&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 �, 120 � and 160 �.

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 I&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

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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