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Abstract: This paper presents a theoretical and experimental study on controller design for the AMBs in a small-scale flywheel energy storage system, where the main goals are to achieve low energy consumption and improved rotordynamic stability. A H-infinity optimal control synthesis procedure is defined for the permanent-magnet-biased AMB-rotor system with 4 degrees of freedom. Through the choice of design weighting functions, notch filter characteristics are incorporated within the controller to reduce AMB current components caused by rotor vibration at the synchronous frequency and higher harmonics. Experimental tests are used to validate the controller design methodology and provide comparative results on performance and efficiency. The results show that the H-infinity controller is able to achieve stable rotor levitation and reduce AMB power consumption by more than 40% (from 4.80 to 2.64 Watts) compared with the conventional PD control method. Additionally, the H-infinity controller can prevent vibrational instability of the rotor nutation mode, which is prone to occur when operating with high rotational speeds.
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1  Introduction

Flywheel energy storage systems (FESS) are being increasingly used in applications where high efficiency, long cycle life, wide temperature range and high power density are primary requirements [1]. Examples include regenerative power for machines and vehicles, energy storage and motion control in satellites, uninterruptible power supply for critical systems (UPS), and power grid stabilization [2–4]. In electric vehicles, a FESS can provide short bursts of power when peaks in demand exceeds battery power. Use as backup and bridging power for renewable energy sources can also play an important role in sustainable energy solutions [5,6].

For optimum efficiency, FESS should be designed to operate in a way that minimizes overall power consumption of the flywheel subsystems. To reduce frictional losses, flywheel rotors are sealed in vacuum enclosures and are supported without mechanical contact by active magnetic bearings (AMBs). High rotational speeds from 20,000 to 50,000 RPM are then achievable. Use of AMBs can also reduce wear and maintenance requirements compared with rolling element bearings [7]. This paper describes recent research on creating AMB systems that are compact, highly efficient, and suitable for small-scale FESS, where AMB operating losses make a significant contribution to the overall power consumption of the system.

AMBs incorporate electromagnets that apply time-varying forces to the flywheel rotor to maintain stable positioning and low vibration. To reduce power consumption of AMB operation, permanent magnets (PMs) can be used to generate the static/mean components of the magnetic flux through the AMB poles [8–10]. Note that PMs cannot replace AMBs completely due to the fundamental stability properties of conservative magnetic fields, as well as the lack of damping effects. However, by using PM-biasing, operation with very low RMS currents in the electromagnetic coils is possible [11,12]. Using PMs for bias flux generation also allows more linear characteristics for the force-displacement-current relations to be achieved (compared with approaches based on low or zero bias currents). Consequently, linear control methods can be readily applied for feedback control. Nonetheless, to achieve stable suspension of a rotor over a wide range of rotational speeds, sophisticated control algorithms are required [13]. It is essential that the design of the AMB controller accounts for gyroscopic effects and the influence they have on the vibrational dynamics of the rotor. Previous studies have highlighted the problem of vibrational instability caused by rotor nutation [14–16]. As the rotor nutation frequency increases with rotational speed, this must be accounted for in the design of the feedback control algorithm to avoid destabilization. However, requirements for low power operation, which mandate low-current, low-bandwidth control, can conflict with this aim when using conventional control methods [17].

This paper describes an optimal controller design procedure for the AMBs in a small-scale FESS. The main objectives for the controller design were to achieve rotordynamic stability and acceptable vibration, while minimizing AMB currents at targeted rotational speeds for low power operation. The FESS design is based on a 6 kg rotor, giving potential storage capacity up to 70 Wh. The target for power consumption of the AMBs was less than 3 watts (corresponding to 1.5 Wh total energy consumption for a 30-min discharge cycle). Section 2 of the paper describes the main components of the flywheel system and the experimental setup of the AMB controller. Section 3 defines the system dynamic model based on linearized equations for the rotor and AMB subsystems. Section 4 introduces a basic controller design based on PD (proportional-derivative) feedback of measured rotor displacements. This controller can achieve stable rotor suspension for low rotational speeds but requires high energy consumption and cannot preserve rotordynamic stability at high speeds. Therefore, a model-based design approach based on H-infinity control optimization is introduced. Notch filter characteristics are incorporated within the controller to reduce harmonic components in the AMB currents caused by rotor vibration. Experimental results are presented in Section 5 to validate the controller design methodology and evaluate the achievable levels of vibration and power consumption. Section 6 provides conclusions.

2  Experimental Small-Scale Flywheel Energy Storage System

The experimental FESS prototype used in this study is shown in Fig. 1. The rotor is supported by two homopolar PM-biased radial AMBs, with one permanent magnet thrust bearing for vertical axis support. The magnetic fields produced by the AMB coils superimpose with the fields from the permanent magnets to generate forces in the horizontal plane for controlling motion of the rotor. As the rotor is stabilized passively in the vertical direction, there are four remaining degrees of freedom that must be controlled using the AMBs. Displacement sensors at the upper and lower AMBs measure the motion of the rotor for feedback control purposes. Important flywheel rotor properties are given in Table 1. The tested version of the rotor was designed for operation up to a maximum rotational speed of Ωmax=3000 rad/s, giving storage capacity E=0.5⋅Iz⋅Ωmax2=180 kJ. For safety reasons, during controller development in the lab environment, the maximum speed was limited to 300 rad/s. This was sufficient to cover the critical speed range where rotor vibrational resonance due to unbalance occurred during spin-up. At higher speeds, the rotor must be allowed to spin about its inertial axis without active vibration suppression from the AMBs.
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Figure 1: Cross section of FESS system showing main components and motion variables
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The experimental setup for testing is shown in Fig. 2. The main purpose of the experiments was to evaluate the system performance in respect of flywheel vibration behavior and AMB current consumption. The electrical connections to the flywheel include the rotor displacement sensors and power connections to the AMB coils and to the motor/generator. The AMBs are powered by small DC servo-drives (Maxon ESCON 24/2). The motor/generator is a brushless PM motor with peak power rating of 1 kW. All subsystems are powered by a single 24 volt supply. Current meters were used to observe the RMS (root-mean-square) current consumption of the AMB and motor drives. The flywheel housing is sealed for primary vacuum conditions to eliminate air resistance. The temperature of the AMB and motor coils is monitored with thermocouples to avoid overheating. The displacement sensors are inductive (eddy current) type and use small coils installed within the rotor housing. The feedback controllers were implemented digitally using PC-based control hardware (United Electronic Industries) with sampling frequency of 5000 Hz.
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Figure 2: Prototype small-scale flywheel energy storage system: Experimental setup

3  Flywheel Rotor-AMB System Dynamics

To construct the theoretical model describing motion of the flywheel rotor, the coordinate system shown in Fig. 1 is adopted. Defining rotor center-of-mass displacements as q=[XβYα]T, the equations of motion can be expressed in matrix form as [18]

Mq¨+ΩJq˙=Ef(1)

where Ω is the rotational frequency of the rotor. The mass, gyroscopic and force allocation matrices are respectively given by

M=[m0000Iy0000m0000Ix],J=[0000000Iz00000−Iz00],E=[1010zu0zl001010−zu0−zl](2)

The forces applied to the rotor by the upper bearing (Fux,Fuy) and lower bearing (Flx,Fly) may be expressed

f=[FuxFuyFlxFly]T=HbETq+Hii(3)

where i=[iuxiuyilxily]T are the AMB control coil currents. This linearized relation involves the force-displacement and force-current coefficients for the AMBs:

Hb=[kux0000kuy0000klx0000kly],Hi=[Kuix0000Kuiy0000Klix0000Kliy](4)

Using Eq. (3) in Eq. (1) gives

Mq¨+ΩJq˙−EHbETq=EHii(5)

The horizontal displacements of the rotor measured at the sensor locations can be expressed

y=[XuYuXlYl]T=EsTq(6)

Hence, from Eqs. (5) and (6), the dynamics of the rotor-AMB system with inputs i(t) and outputs y(t) can be represented by the following transfer function matrix:

G(s,Ω)=EsT(s2M+sΩJ−EHbET)−1EHi(7)

Stability of the flywheel dynamics can be assessed by evaluating the poles of G(s,Ω). As the poles depend on the rotational speed Ω, a full assessment involves analysis of the root locus, as shown in Fig. 3. This plot shows the complex values of the poles for a range of rotational speeds from Ω = 0 to 200 rad/s. The system is unstable for all rotational speeds due to the presence of poles in the right half plane Re(s)>0. Furthermore, two symmetric branches of the loci meet on the imaginary axis when Ω=93 rad/s. Above this speed one pole converges to the origin, which is associated with the precession mode of the rotor, the natural frequency of which decreases with increasing speed. The other branch, which moves away from the origin (so has natural frequency that increases with increasing speed) is associated with the nutation mode. Both modes are marginally stable and can be easily destabilized by non-conservative forces. The backward and forward orbital motion associated with each of these modes is shown in Fig. 4.
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Figure 3: Root locus diagram for the flywheel dynamics with speed range Ω = 0 to 200 rad/s

[image: images]

Figure 4: Flywheel motion associated with gyroscopic modes

4  AMB Controller Design

4.1 Proportional-Derivative Controller

It is clear that an AMB control system must be applied to maintain dynamic stability. In simple terms, the controller must shift all system poles to the left half of the complex plane for all speeds within the operating range. To stabilize the rotor when rotating at low speed, a standard PD feedback controller can be applied. The transfer function matrix for the PD controller (with break frequency ωb for the derivative action) can be expressed in matrix form as

CPD(s)=Kp+Kdωbss+ωb(8)

where Kp and Kd are proportional and derivative gain matrices, respectively

Kp=[Pu0000Pu0000Pl0000Pl],Kd=[Du0000Du0000Dl0000Dl](9)

The characteristics of the flywheel system with PD control can be evaluated from the closed loop transfer function given by

Gpd(s,Ω)=(I−G(s,Ω)Cpd(s))−1G(s,Ω)(10)

Fig. 5 shows the trend of changing poles of Gpd(s,Ω) when using the PD controller specified in Table 2. As the rotor speed is increased, the root locus branch corresponding to the nutation mode crosses the imaginary axis (when Ω≈270 rad/s), indicating loss of stability. The natural frequency of the nutation mode is dependent on the inertia properties of the rotor and tends to the limiting value ωn=(Iz/Ix)Ω=1.74Ω for high rotational speeds.
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Figure 5: Root locus of rotor-AMB system with PD controller for speeds Ω = 0 to 400 rad/s
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Ideally, the AMB controller should operate with the smallest possible coil currents, as this will reduce power consumption and heat generation within the AMB coils and drives. Radial forces associated with rotation of the flywheel excite vibration of the rotor, causing non-zero displacement measurements. These are acted on by the feedback controller, resulting in non-zero current values. Although the mean current components can be easily set to zero by using integral feedback control (or offset adjustment), other excitation components are more difficult to eliminate. Initial experiments indicated that the two main excitation frequencies are one-times and three-times the rotational frequency, as seen in Fig. 6. The 1×Ω component is due to mass-unbalance of the flywheel rotor and the 3×Ω component is due to interaction between the stator poles of the motor/generator and the permanent magnet poles on the rotor. These components of vibration cannot be eliminated so, to prevent the same frequency components appearing in the coil currents, they must be filtered from the feedback signals. To obtain a control algorithm that can achieve this filtering while also maintaining stability of the closed loop system, the H-infinity controller design approach is adopted, as detailed in the following subsection.
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Figure 6: Measured rotor vibration and current at upper AMB with PD controller (Ω = 150 rad/s)

4.2 H-Infinity Controller Design

The H-infinity controller design approach involves appending the closed loop system description with stable weighting transfer functions. This leads to an ‘augmented plant’ description which is depicted in Fig. 7. The H-infinity controller solution, which can be calculated using standard state-space methods [19], provides a controller (if one exists) that makes the closed loop system have an H-infinity norm less than γ:
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Figure 7: Definition of closed loop system T including design weighting functions

‖T(s)‖∞<γ(11)

This implies the closed loop system has two important properties:

1.    T(s) is stable (has all poles in left half plane)

2.    Bounded frequency response: σ¯(T(jω))<γ

As the calculation of the controller solution CHinf(s) is model-based, these two properties will hold for the actual closed loop system only if the model is sufficiently accurate. In general, weighting functions may be included in the definition of T(s) at any of the inputs and outputs of the plant. The controller design here is based on the rotor/AMB plant model including the initial PD controller that will stabilize the flywheel at zero speed. Hence, the closed loop system (with weightings) is defined according to Fig. 7 and has transfer function matrix.

T(s,Ω)=[W1TydW2Tid]=[W1(I−GpdCHinf)−1GpdW2(CHinf+Cpd)(I−GpdCHinf)−1Gpd](12)

The weighting function W1(s) influences the stiffness and vibration characteristics of the rotor in AMBs under closed loop control. The weighting function W2(s) penalizes the control current and can be used to influence AMB current levels.

The case of the PD-controlled system was used as a reference to select the initial choice of weighting functions, because the PD controller works well at zero speed and has suitable stiffness and noise attenuation characteristics. The H-infinity controller will work together in parallel with the PD controller to improve the stability of the nutation mode and also to filter harmonic excitation components from the control currents. For this configuration, the PD controller may still be operated alone over a low speed range (Ω = 0–150 rad/s).

The weighting function acting on the displacement output y(t) is chosen as a constant diagonal matrix W1(s)=ϵI4×4 in order to limit the peak vibration. In general, the rotor vibration will involve harmonic oscillations with frequencies that are integer multiples of the rotational frequency. As explained in Section 4.1, the dominant components have frequency 1×Ω, due to rotor unbalance, and frequency 3×Ω, due to motor excitation. To reduce the amplitude of these components arising in the AMB coil currents, the weighting W2(s) is chosen to incorporate 2nd order resonant filters with matching resonance frequencies:

W2(s)=F(s)⋅1500(s2+2s+1)s2+40000s+(20000)2⋅I4×4(13)

Two cases are considered

CaseA:F(s)=s2+2a(3Ω)s+(3Ω)2s2+2b(3Ω)s+(3Ω)2(14)

CaseB:F(s)=s2+2aΩs+Ω2s2+2bΩs+Ω2⋅s2+2a(3Ω)s+(3Ω)2s2+2b(3Ω)s+(3Ω)2(15)

where, a=0.01, b=0.001 and Ω is the angular speed of the flywheel rotor.

Controller solutions were calculated for fixed values of rotational speed Ω. The stability properties were then assessed through root locus analysis. The root loci of the closed loop system for the two H-infinity controller cases are shown in Figs. 8 and 9. For these cases, the designed rotational speed was Ω=150 rad/s. The controllers are confirmed to maintain stability for speeds up to Ω=400 rad/s, and both controllers achieve similar pole values for the design speed. The nutation and precession mode branches have similar limiting behaviors, converging toward the imaginary axis as the rotational speed is increased. The stability limit for both controllers is similar, and for Ω>1400 rad/s stability is not maintained.
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Figure 8: Root locus for H-infinity controller A (single notch filter) for speed range Ω = 150 to 400 rad/s

[image: images]

Figure 9: Root locus for H-infinity controller B (double notch filter) for speed range Ω = 150 to 400 rad/s

The behaviors of the controllers can also be assessed from the closed loop frequency response characteristics. The singular values of the closed loop system are shown in Fig. 10 for both vibration control performance d→y and current control performance d→i. For the PD controller (Fig. 10a), the vibrational resonances due to the precession and nutation mode are clearly visible. Overall, the results indicate that improved stability and vibration suppression is achieved with the H-infinity controllers (Figs. 10b and 10c), although the vibration that occurs in practice will also depend on the unbalance condition of the rotor. This is especially true for operation at high speeds, when unbalance forces will dominate over the AMB forces. Comparing Figs. 10b and 10c for the H-infinity controllers with and without notch filter properties, it can be observed that current suppression at the notch frequencies occurs over a very narrow band and has no undesired effect on the vibration control performance: The maximum singular values of the frequency response Tyd are very similar for the H infinity controllers. This is partly due to the favorable stiffness properties of the open loop system.

[image: images]

Figure 10: Frequency response function (singular values) of closed loop system for rotation speed Ω = 150 rad/s with (a) PD controller (b) H-infinity controller-double notch filters (c) H-infinity controller-no notch filters

5  Controller Testing

To assess the performance of the controllers experimentally, direct measurements of the system frequency response characteristics were made. This involved applying sine wave excitations through the AMB coil currents, with measurements made of the magnitude and phase of the rotor displacement response. Fig. 11 shows the frequency response of the closed loop system for a rotational speed Ω = 150 rad/s. For the PD controller, the frequency response data shows clear resonance spikes due to excitation of the rotor precession and nutation modes, although the nutation mode (having natural frequency of 52 Hz) is stable for this speed. In practice, the onset speed for instability was found to be lower than predicted by the theoretical model. This is most probably due to unmodeled time delay and lag effects in the experimental implementation, including possible magnetic hysteresis effects. Results from frequency response testing with the H-infinity controllers show clearly that stability of the nutation mode is improved, when compared with the PD controller, as the resonance close to 52 Hz is eliminated. Case B with double-resonance filter was found to be more effective at controlling excitation of the precession mode for this rotational speed.

[image: images]

Figure 11: Measured frequency response of flywheel-AMB system at speed of Ω=150 rad/s

Table 3 shows the AMB power consumption figures for operation at the controller’s designed speed of Ω = 150 rad/s. For H-infinity controller Case A, which filters only the 3×Ω components of the control currents, a decrease in RMS currents levels was observed, but power consumption was not reduced significantly. For the H-infinity controller Case B, the additional filtering of the synchronous components reduced the power consumption significantly at both the upper and lower AMBs. The overall reduction in power was over 40%, when compared with the PD controller, for this speed.

[image: images]

Fig. 12 shows the measured rotor displacements and AMB currents during system operation with speed of Ω = 150 rad/s. The H-infinity controller caused an increase in vibration of the rotor, which is an unavoidable side-effect of the reduction in current levels. However, the peak rotor displacements remained within acceptable levels (less than 0.07 mm). Fig. 13 shows the Fourier transform of the coil currents measured at the lower AMB. With H-infinity controller Case B. There is a clear reduction in the amplitude of the components with frequencies of 1 and 3 times the rotational speed. The amplitudes of the other frequency components remain similar to the case with PD control. For these results, the set-point/offset for the position signals correspond to the center of the bearing, which also matches the zero-current equilibrium position.
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Figure 12: Rotor displacements and AMB coil currents when operating with Ω = 150 rad/s for cases with PD control and H-infinity controller B
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Figure 13: Fourier transform of coil current at lower AMB when Ω = 150 rad/s, showing comparison of PD controller and H-infinity controller B

6  Discussion and Conclusions

This paper has presented a theoretical and experimental study on controller design for the AMBs in a small-scale FESS. The main novelty in the work is the application of the H-infinity optimal design methodology to a 4-DOF, PM-biased radial AMB system, with the main objective of minimizing operating power consumption. A key advantage of the approach is that a complete and effective controller solution can be produced using a well-defined model-based control synthesis procedure, thereby avoiding the need for add-on and/or ad-hoc control implementations. Experimental tests were used to validate the controller design methodology and provide comparative results on performance and efficiency. According to test findings, the H-infinity controller is able to achieve stable rotor levitation and reduce AMB power consumption by more than 40% (from 4.80 to 2.64 Watts) compared with a conventional PD control method. Additionally, the H-infinity controller could prevent vibrational instability of the rotor nutation mode, which is prone to occur when operating with high rotational speeds.

A drawback of the H-infinity control design method, in standard form, is that the controller must be synthesized for a specific constant rotational speed. To expand the speed range for operation and achieve speed tracking of the notch filter, further work will consider the gain-scheduled H-infinity control method. This can be applied based on the speed-dependent linear parameter varying (LPV) model of the system dynamics [20]. In this way, both the filtering characteristics and stabilizing properties of the H-infinity controller can be varied continuously to match the rotational speed, potentially up to much higher values than were considered in the present study.
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Table 1: Flywheel rotor properties

Property Value Units
Rotor mass 5.828 kg
Moment of inertia x, y and z axis (/,,1,,1.)  (0.023,0.023,0.04) kg-m?
Upper, lower AMB location (z,, z;) (28, —63) mm
Upper, lower sensor location (z,, z;) (28, -76) mm
Outer diameter 220 mm
Axial length 150 mm
AMB actuator bandwidth 600 rad/s
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Table 3: AMB power consumption

Mean power consumption (Watts)

Controller type

Upper AMB Lower AMB Total
PD controller 2.40 2.40 4.80
H-infinity Case A 2.16 2.16 4.32

H-infinity Case B 1.20 1.44 2.64
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Table 2: PD controller properties

Property Value Units
Proportional gain (P,, P)) 9,11) A/mm
Derivative gain (D,, D)) (0.08, 0.07) As/mm
Derivative break frequency (w,) 800 rad/s
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