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Hybrid energy storage system (HESS) using cascaded multilevel converters (CMC) has received increasing attention due to its merits on smoothing power fluctuations for renewable energy systems (RESs). However, CMC-based HESS still faces tough challenges due to asymmetrical ac power distribution. In this paper, hierarchical power allocation control strategy is utilized in CMC-based star-connected HESS to coordinate power between batteries and supercapacitors (SCs). Using the proposed power allocation mechanism, energy management strategy (EMS) with two operation modes can be achieved, which includes SC voltage regulation mode and power compensation mode. In SC voltage regulation mode, SC voltages are regulated to achieve long-term stable operation. Power compensation mode aims to allocate the active power fluctuation and employs SCs to mitigate it. Meanwhile, the principle of the hierarchical power allocation strategy is analyzed to facilitate the accurate control and flexible switching of different operation modes. A series of simulation and experiment tests are executed to demonstrate the performance of the proposed control strategy.
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INTRODUCTION
Renewable energy systems (RESs), especially wind power systems and photovoltaic (PV) systems, have been globally installed in dc-ac micro-grids in recent years (Liao et al., 2017; Kavousi et al., 2018; Chen et al., 2021). However, the intermittent power generation is still a tough challenge for RESs. Consequently, energy storage system (ESS) has received increasing attention due to its merits on smoothing output fluctuations for improved power quality (Li et al., 2019; Li et al., 2020a; Hargreaves and Jones, 2020). Energy storage devices (ESDs) are the key components for ESSs. They are characterized based on energy density, power density, ramp rate, and life cycle, etc. However, none of the existing ESDs can fulfill all expected features simultaneously, e.g., batteries have high energy density for long-term operation but limited ramp rate, and supercapacitors (SCs) have high power density and ramp rate for short-term fluctuations but low energy density (Riboldi et al., 2020; Xiao et al., 2015). Hence, ESSs integrated by single type of ESD require higher cost and size to meet all the demands for power density, energy density, and ramp rate. To overcome the shortage of the existing single-type-ESD ESSs, hybrid energy storage system (HESS) is dramatically employed as an effective solution to handle power fluctuations caused by RESs (Wickramasinghe Abeywardana et al., 2017). In most applications, HESSs are integrated by batteries and SCs to make full use of their advantages, which can reduce the size of the system, extend the lifetime and attenuate the thermal stresses of batteries (Lahyani et al., 2013; Kollimalla et al., 2014; Zhang L et al., 2019; Li et al., 2020b).
For the HESS in dc-ac micro-grids, the design of power converter is challenging. Conventionally, ESSs in dc-ac micro-grids are connected to low voltage (LV) distributed networks, employing two-level converters and dc-dc interfaces (Clerici et al., 2018), (Kim et al., 2018). However, these topologies have limitations when connecting to mid voltage (MV) or high voltage (HV) grids for the following reasons (Jiang et al., 2019):
1) Large amounts of ESSs should be connected in series to form high voltage dc (HVDC), and consequently, power electronic devices with rapid switching frequency are required. Moreover, balancing of the high-voltage battery pack is challenging which reduces the lifetime of batteries.
2) With limited number of voltage levels, the output quality is low. Hence, step-up transformers are commonly necessary to connect the MV/HV grids, which leads to higher cost and lower efficiency.
Cascaded multilevel converter (CMC) is a promising structure for MV/HV applications (Wang et al., 2019). Ac capability is improved by series connection of converter cells, and harmonics distortion is reduced due to increased voltage levels. Moreover, segmented dc sources can ease the energy management for ESS. Unfortunately, most of the existing CMC-based ESS employs single-type-ESD. In this condition, output voltages of H-bridges are identical and the synchronous ac current leads to the symmetrical power distribution (Yu et al., 2016; Lee et al., 2018). For HESS, the power distribution among converter cells should be asymmetrical to fulfill the operation requirements of the hybrid dc sources; hence, the power allocation strategy is difficult and critical for CMC-based HESS.
As synchronous ac current flows through all the converter arms of the CMC-based HESS, asymmetrical power allocation means to distribute the overall output voltage asymmetrically. Feed-forward mechanism is a promising method for asymmetrical power distribution.Jiang et al. (2018) employed feed-forward space-vector-modulation (FFSVM) technique for single-phase CMC-based battery-SC HESS, which can flexibly distribute power among converter cells. However, the FFSVM algorithm is time consuming especially when the number of cascaded cells is large (Jiang et al., 2021). In Wang et al. (2017), Zha et al. 2017, Zhang Y et al. (2019), the phase shift between the output voltages of clusters and the output current are calculated according to the requirement of dc sources. With different phase shift, the output power of different ESDs can be distributed asymmetrically. These individual phase control methods are easy to achieve, nevertheless, large amounts of trigonometric functions lead to complicated calculations and the dual-loop controller worsen the dynamics performance. Hierarchical structure is another solution for simplification (Kim et al., 2019). By dividing the variables such as current and dc voltages into layers, numbers of states to be considered is reduced. Feng et al. (2019) employs hierarchical structure in grid-connected CMC-based PV-battery system. The upper layer of the controller regulates the output current and calculates the synthesized output voltage, while the lower layer distributes power between PV and battery cells. By this method, the output voltage of battery cells can be derived from the deviation between PV generation and the synthesized output voltage command; meanwhile, dual-loop controller is avoided by the hierarchical mechanism.
Meanwhile, the energy management strategy (EMS) is required for battery-SC HESS. In Zhang and Li (2020), an EMS based on fuzzy logic control (FLC) is designed for HESS in electrical vehicles (EVs) to regulate SCs at a desired state of charge (SOC), where SCs have enough charge for acceleration process and enough space for absorbing braking energy. A real-time optimization is presented by (Choi et al., 2014) to compute SOC of SCs according to the output demand dynamics and optimize power flow through the HESS simultaneously. Moreover, multiple operation modes have been used for the EMSs of battery-SC HESS to flexibly change the power distribution according to the output demand (Jiang et al., 2018; Akar et al., 2017). In Jiang et al. (2018), three operation modes, including high power output mode, normal operation mode, and reverse power absorption mode are proposed to control SCs for different conditions. These operation modes are switched by the dispatch of micro-grid centralized controller (MGCC) and SOC of SCs. Akar et al. (2017) presents discharging mode, charging/discharging mode, and regenerative mode for battery-SC HESS in EVs, and simultaneously, an operation mode switching method is given considering battery generation and output demand levels. However, with multiple operation modes, the mode switching algorithm is complicated.
In this paper, a hierarchical power allocation control strategy is designed for the battery-SC HESS to solve the following challenges:
1) CMC structure is employed for the HESS to solve the limitations of the conventional two-level converters, such as rapid switching frequency, lower efficiency and higher output distortion.
2) The power distribution for asymmetrical CMC is challenging; moreover, most of the existing power allocation strategies based on individual phase control are complicated. The hierarchical power allocation strategy proposed in this paper divides current control and power allocation into layers, which can flexibly distribution power between different ESDs and meet the grid dispatch simultaneously. In addition, the calculation is less time consuming under dq rotating frame and the dynamic performance is optimized without dual-loop controller.
3) Different from the existing EMS with multiple operation modes, only two operation modes are designed for the CMC-based HESS according to grid dispatch and SOC of SCs, which can realize long-term stable operation and short-term power compensation as well. With the simplified EMS, the switching algorithm is easy to be achieved.
This paper is organized as follows. The system topology and EMS for the HESS are respectively presented in System Topology and Energy Management Strategy of the HESS. In Hierarchical Power Allocation Control, the hierarchical power allocation control is proposed to fulfill the EMS. The active power capacity of the HESS is analyzed in Active Power Capacity of the HESS to facilitate the design of the system. Simulation and Experimental Verification gives the simulation and experimental results. Finally, conclusions are drawn in Conclusion.
SYSTEM TOPOLOGY AND ENERGY MANAGEMENT STRATEGY OF THE HESS
System Topology
Figure 1 depicts the CMC-based star-connected battery-SC hybrid energy storage system (HESS) and the detailed structure of phase A. Each phase of the system is constituted by a battery cluster and SC cluster, where the battery cluster contains M battery converter cells and SC cluster contains N SC converter cells. Each ESD is connected in parallel with an H-bridge, and all the H-bridges in an individual phase are connected in series. Vbat and VSC are respectively the dc voltage of battery and SC cell. vXbi (i = 1,…, M) and vXcj (j = 1,…, N) separately represent the output voltage of battery and SC cell in phase X (X = A, B, C). vXbΣ and vXcΣ are the output voltage of battery and SC cluster, vsX is grid voltage, isX is the output current with the direction shown in Figure 1, and L is the filter inductance.
[image: Figure 1]FIGURE 1 | Circuit configuration of star-connected battery-SC HESS using CMC.
In the battery-SC HESS, flexible power distribution is crucial to fulfill different requirements and make full use of these two ESDs. Hence, an energy management strategy (EMS) with several operation modes is inevitable.
Energy Management Strategy for the HESS
The HESS aims to maximize the advantages of both batteries and SCs. With high energy density, batteries are promising for long-term power supply. Meanwhile, with high power density and ramp rate, SCs are suitable to mitigate short-term fluctuations. To flexibly distribute power between batteries and SCs, the EMS contains two operation modes, as shown in Figure 2:
1) SC voltage regulation mode (Mode I): This mode is employed to regulate SC voltages in a certain range. It can be used to achieve the long-term stable operation of the HESS. In this condition, batteries provide rated active power Pr for the grid and SCs maintain their voltages at a desired value, where they have enough charge and space for active power fluctuations.
[image: Figure 2]FIGURE 2 | Active power flow of different operation modes; (A) SC voltage regulation mode; (B) Power compensation mode.
In addition, when SC voltages reach their upper/lower limit during charge/discharge process, this mode is also activated to regulate SC voltages at their upper/lower limit.
2) Power compensation mode (Mode II): In this mode, SCs charge/discharge to mitigate the active power fluctuation. Meanwhile, batteries still supply rated active power for the grid. If the active fluctuation cannot be provided merely by SCs, batteries will the supply the insufficient active fluctuation.
The operation mode switching algorithm of the HESS is illustrated in Figure 3. First, by comparing the active power command P∗ and the rated active power Pr, whether SCs should charge/discharge to mitigate active fluctuations can be determined. Then, according to the SOC of SCs, the suitable operation mode of the HESS is selected. When P∗ = Pr, no active fluctuations need to be eliminated by SCs. In this condition, SOC of SCs should be corrected to the desired value for future active fluctuations. Hence, SC voltage regulation mode (Mode I) is activated to control VSCΣav at the desired value VSCΣr. If P∗ is not equal to Pr, SCs should charge/discharge to eliminate active fluctuations, and consequently, power compensation mode (Mode II) is activated. When VSCΣ reaches the upper/lower limits, Mode I is activated to regulate VSCΣav at upper/lower limits.
[image: Figure 3]FIGURE 3 | Flowchart of operation mode switching algorithm.
In order to realize the EMS of the HESS, this paper employs asymmetrical power allocation strategy with hierarchical structure for flexible power distribution between batteries and SCs.
HIERARCHICAL POWER ALLOCATION CONTROL
Hierarchical Control for the Battery-SC HESS
In this paper, the control strategy designed for the CMC-based star-connected battery-SC HESS employs hierarchical structure to distribute power flexibly with reduced system complicity. Using the hierarchical mechanism, the control system is divided into upper layer and lower layer as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Overall control block diagram.
The upper layer regulates the overall output power of the HESS and calculates the synthesized output voltage reference for the lower layer. The decoupled current control based on dq rotating frame is used in this paper as shown in Figure 5. Note that the current control method has been widely discussed such as in (Liming Liu et al., 2015), (Koyama et al., 2018), it will be only reviewed briefly to facilitate the design of lower layer controller.
[image: Figure 5]FIGURE 5 | Current control based on dq frame.
According to Figure 5, the active and reactive current reference id* and iq* can be respectively derived from the grid active and reactive power dispatch P* and Q*. The d- and q-axis of grid voltage vd and vq, and voltage across the filter inductor L are used in the feed-forward control. Hence, the d- and q-axis voltage references of the system voutd* and voutq* can be calculated as:
[image: image]
where Kip and Kii are the proportional and integral gain of the current control, and ω is the angular speed of the grid voltage.
With the overall output voltage references calculated by the decoupled current control, the asymmetrical power allocation in the lower layer will distribute the power between batteries and SCs according to the operation mode. Details of the asymmetrical power allocation are described in the following subsection. In addition, interphase and cluster balancing control are respectively utilized for batteries and SCs (Maharjan et al., 2009; Liu et al., 2012; Koyama et al., 2018).
Level shifted pulse-width modulation (LS-PWM) is used for low harmonics distortion and simple calculation (Adam et al., 2015; Aneesh Kumar et al., 2015).
Asymmetrical Power Allocation Strategy
To distribute power between batteries and SCs flexibly, the asymmetrical power allocation strategy utilizes feed-forward mechanism and calculates the output voltage of SC clusters according to the operation mode; then, the output voltage of battery clusters can be derived from the deviations the overall output voltage and the SC cluster output voltage. In this subsection, the power distribution strategy of different operation modes will be described seriatim.
Mode I: SC Voltage Regulation Mode
The SC voltage regulation mode aims to maintain the dc voltages of SCs. Figure 6 depicts the SC control strategy in this mode which regulates the mean value of VSCΣ by adjusting the output power of SC clusters. Note that SC clusters merely provide reactive power for the grid in this process, the following equation can be obtained:
[image: image]
where vcdff and vcqff respectively represent the d- and q-axis of the feedforward output voltage of SC clusters, and Qc* is the desired reactive power generation of SC clusters.
[image: Figure 6]FIGURE 6 | SC voltage regulation strategy.
According to (2), vcdff and vcqff can be respectively calculated by id*, iq* and Qc* as:
[image: image]
To achieve accurate voltage regulation for SCs, the deviations between the desired and the actual voltage of SCs should be eliminated. Consequently, a control variable Δvcd is subtracted from vcdff to change the charge/discharge state of SCs as follows:
[image: image]
Moreover, the control variable Δvcd is given by the improved PI controller as:
[image: image]
where Kvp and Kvi are respectively the proportional and integral gain, and sgn (x) is a sign function defined as follows:
[image: image]
Different from conventional PI controller for voltage regulation, the active current reference also affects the charge/discharge state of SCs in this condition. When id∗ > 0, subtracting positive Δvcd will charge SCs, and subtracting negative Δvcd will discharge SCs; nevertheless, the charge/discharge state of SCs are exactly contrary when id∗ < 0. Hence, the sign of id∗ is multiplied with the PI controller.
Mode II: power Compensation Mode
In this mode, SCs are used to mitigate active fluctuations, the detailed SC cluster voltage calculating algorithm is depicted in Figure 7. Rated parameters of the HESS including output current and SC cluster voltage reference in normal condition are given in Mode I, where idr and iqr represent the rated active and reactive current, while vcdr and vcqr represent rated d- and q-axis of SC cluster voltage. The variations between the rated parameters and the reference parameters of Mode II are subsequently expressed as follows:
[image: image]
[image: Figure 7]FIGURE 7 | Flowchart of power distribution algorithm for power compensation mode.
When the active fluctuation is at a low level, SC clusters can eliminate the fluctuation and provide reactive power simultaneously. In this condition, the desired active and reactive power variations for SC cluster can be separately described as:
[image: image]
where ΔPc and ΔQc respectively represent the variations between the active and reactive power generated by SC cluster in Mode II and in rated condition. In addition, the power generation of SC cluster in rated condition can be calculated by rated parameters as (9), while the power generation of SC cluster in Mode II can be described as (10):
[image: image]
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Note that (10) is equal to the sum of (8) and (9), the following equation can be obtained:
[image: image]
In accordance with (11), the d- and q-axis voltage references of SC cluster can be calculated by:
[image: image]
where Is is the amplitude of the output current. If using the SC cluster voltage references of (12) leads to over-modulation of the HESS, SCs should mitigate active power fluctuations preferentially, and their energy yield should be maximized. Hence, the SC cluster voltage references should meet the following equation:
[image: image]
where VSCΣmin represents the lower limit of the sum SC voltages in each phase. According to (13), the d- and q-axis of SC cluster voltage references can be calculated as follows:
[image: image]
When the SC cluster voltage reference calculated by (14) also leads to over-modulation, SC cluster voltage reference should be chosen at the extreme case that both SC and battery cluster are operating at their maximum modulation ratio as follows:
[image: image]
According to (15), the d- and q-axis of SC cluster voltage can be respectively calculated by:
[image: image]
In this condition, SC cluster voltage reference can be determined in accordance with active power fluctuation. When the active fluctuation is positive, the SC cluster voltage vector nearest to the output current will be chosen to inject active power into the grid. When the active fluctuation is negative, the SC cluster voltage vector farthest from the output current will be chosen to absorb active power from the grid. Thus, according to (16), the d- and q-axis of SC cluster voltage reference can be respectively described as:
[image: image]
When the active fluctuation exceeds the maximum power generation of SC cluster, SCs cannot provide all active fluctuation. In this condition, SC cluster should mitigate as much active fluctuation as possible; hence, SC cluster is desired to generate pure active power. Consequently, SC cluster voltage should be in phase with output current, and the SC cluster voltage can be calculated as follows:
[image: image]
According to the restriction of modulation ratio, SC can generate pure active power only when the output current reference meets (19); otherwise, they should be calculated according to (17).
[image: image]
ACTIVE POWER CAPACITY OF THE HESS
In this section, the active power capacity of the HESS is analyzed to facilitate the design of the HESS. In the following analysis, dc voltages of SC and battery clusters are assumed to be determined. The analysis is executed in dq frame, and all switches, diodes, inductances, capacitors are assumed as ideal components. The voltage across the filter inductance is ignored to simplify the calculation. Details of the active power capacity in different modes are separately presented in the following subsections.
Active Power Capacity of SC Voltage Regulation Mode
SC voltage regulation mode is activated under rated power dispatch or when SC voltages reach their thresholds during active fluctuations. As SCs serve as STATCOMs in this mode, SC cluster voltage approximately has 90° phase shift with the output current. According to SC cluster voltage phasor diagram depicted in Figure 8, at point K and K’, the modulation ratio of both SC and battery cluster reaches their maximum, and consequently, the d-axis of output current reaches its extreme value. The extreme cases can be described as the following equation:
[image: image]
[image: Figure 8]FIGURE 8 | Phasor diagram of extreme id in SC voltage regulation mode.
Thus, the extreme value of id* can be derived from (20) as (21), and consequently, the extreme active power reference is given by (22).
[image: image]
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Moreover, since that battery cluster generate all the active power demand in Mode I, the extreme active power generation of the HESS is also restricted by the discharge current of batteries. Subsequently, the extreme active power generation is described as (23) considering the maximum discharge current of batteries.
[image: image]
where Idis,max is the maximum discharge current of batteries.
Accordingly, the extreme active power output of the HESS in Mode I is equal to the minimum of those calculated by (22) and (23), which can be described as:
[image: image]
Thus, according to (24), the active power capacity of the HESS in Mode I is given by:
[image: image]
Active Power Capacity of Power Compensation Mode
Power compensation mode is activated under active fluctuations. It’s a temporary operation mode, which will be switched to Mode I mode compulsively when SC voltages reach their thresholds. According to the proposed power allocation strategy for power compensation mode, the extreme case appears when SC cluster merely generates active power and the insufficient active power are supplied by battery cluster. Hence, the active power generated by battery cluster is also restricted by the maximum discharge current of batteries as:
[image: image]
Consequently, the active power capacity of the HESS in Mode II is given by:
[image: image]
SIMULATION AND EXPERIMENTAL VERIFICATION
Simulation Verification
To demonstrate the proposed control strategy and the theoretical analysis, a CMC-based star-connected battery-SC HESS rated at 380 V/15 kVA is simulated with MATLAB/Simulink. Each individual phase encompasses one battery cell and one SC cell. The detailed parameters are listed in Table 1. The simulation includes the test of current control and power allocation control separately.
TABLE 1 | Simulation and experiment parameter.
[image: Table 1]Figure 9A shows the simulation results of the grid voltage and output current of the HESS. Ten periods of the waveforms are cut out from the simulation result to verify the effectiveness of current control. It can be seen that output currents of all phases can stay constant with the same phase shift to their relative grid voltage. In addition, frequency spectrum of isA is depicted in Figure 9B, which shows the low total harmonics distortion (THD).
[image: Figure 9]FIGURE 9 | Simulation results of grid voltage and output current; (A) Three phase grid voltage and output current waveforms; (B) Frequency spectrum analysis of isA (cut out at 0.5%).
To verify the power allocation strategy for different modes, a series of test with six steps is executed on the same simulation model. Figures 10A,B presents the simulation results from 0.5 to 4.5 s, encompassing waveforms of SC voltages, and active power of phase A. The detailed description of the six-step simulation is shown as follows:
Step 1 (0 ∼ t1): HESS operates in Mode I, active power is merely generated by battery cells, and dc voltages of SCs are regulated at their rated value 140 V.
Step 2 (t1∼ t2): Positive active fluctuation appears, and consequently, HESS is switched to Mode II. By the proposed SC cluster voltage algorithm, SC cells generate active power and discharge.
Step 3 (t2∼ t3): Due to positive active fluctuation, SCs keep discharging, and at t2, SC voltages reach their lower threshold; subsequently, operation mode is switched to Mode I compulsively. Since that positive active fluctuation still exists during this period, dc voltages of SCs are regulated at the lower voltage threshold 125 V.
Step 4 (t3∼ t4): The active fluctuation changes into negative; consequently, Mode II is activated and SC cells absorb active power from the grid and keep charging.
Step 5 (t4∼ t5): SC voltages rise to their maximum operating voltage since that SCs keep charging. To protect SCs, the mode is switched to Mode I, and dc voltages of SCs are regulated at maximum operating voltage 160 V.
Step 6 (t5∼ t6): The active power command recovers to rated value at t5. The operation mode is still Mode I, nevertheless, the SC voltage reference varies to 140 V. According to Figure 10A, the new SC voltage reference can be accurately tracked by the proposed SC voltage regulation strategy.
[image: Figure 10]FIGURE 10 | Simulation verification for the proposed hierarchical control with two operation modes; (A) Waveforms of SC voltages; (B) Waveforms of active power in phase A; (C) Enlarged waveforms of active power at t1; (D) Enlarged waveforms of active power at t3.
In addition, Figures 10B,C presents the enlarged active power waveforms when active fluctuation changes. Figure 10B shows that before and after the positive active fluctuation appears at t1, active power generated by battery cluster nearly has no variation. It demonstrates that the proposed power allocation strategy for power compensation mode can merely use SC cell to mitigate active fluctuations. Meanwhile, Figure 10C presents the active power distribution at t3. Different from the case at t1, the active power absorbed by SC cluster is insufficient, and consequently, the active power generated by battery cluster drops as well. Hence, it can be drawn that battery cluster can effectively extend active power capacity for SC cluster by the proposed power allocation strategy.
The simulation results demonstrate that the CMC-based HESS can operate stably with high output quality and fast dynamics. The mode switching algorithm can effectively choose a suitable operation mode according to the EMS. In addition, the proposed power allocation strategy can mitigate arbitrary active fluctuation with SC cluster serving as main power compensation source and battery cluster generating the insufficient active power. Consequently, both the energy yield of SCs and batteries is maximized which can extend the power compensation range for the HESS.
Moreover, the proposed power allocation control is compared with the conventional individual phase control presented in (Wang et al., 2017; Zhang L et al., 2019). Figures 11A,B respectively depicts the power waveforms of the proposed allocation strategy in this paper and the conventional method. Using the proposed hierarchical power allocation control, both active and reactive power can return to steady state after about 0.15 s when the grid dispatch change at t. However, using the conventional method, the active power returns to steady state after 0.2 s and the reactive power returns to steady state after 0.3 s. The comparison results demonstrate that the proposed hierarchical power allocation control has better dynamic performance than conventional method since that the calculation is simplified and the dual-loop control is avoided by the hierarchical mechanism.
[image: Figure 11]FIGURE 11 | Comparison between the proposed hierarchical power control and the conventional individual phase control; (A) Power waveforms using the proposed control strategy; (B) Power waveforms using the conventional method.
Experimental Results
The experiment is conducted on a laboratorial 2 kV/100 kVar CMC-based STATCOM platform as shown in Figure 12. Four converter cells of each phase are employed in the experiment. Three of them are connected to 100 V dc power supplies to emulate battery cells. Another cell is connected to super-capacitor module to serve as SC cell. The proposed control strategy is implemented in DSP and CPLD co-controller, which can manage 24 cells at most by using 2 CPLDs to extend the output channels of DSP. The system parameters are similar to that in the simulation as presented in Table 1. The experimental results have been recorded to demonstrate the performance of the control strategy. Details of the experimental results are shown as follows.
[image: Figure 12]FIGURE 12 | Laboratorial 2 kV/100 kVar CMC-based STATCOM platform.
Experiment for current control is shown in Figure 13. Figure 13A presents the phase relation of grid voltages and output currents. Limited by number of oscilloscope channels, Figure 13A merely depicts waveforms of phase A and B. CH1 and CH3 respectively show vsA and isA, while CH2 and CH4 show vsB and isB. According to the amplitude of output current and their phase shift to the corresponding grid voltage, the effectiveness of current control can be deduced. Figure 13B presents the output current of three phases simultaneously to demonstrate the interphase phase shift and stability of output currents. In addition, the waveform of isA is imported to MATLAB to analyze its harmonics distortion. Shown in its frequency spectrum, the low THD verifies the good performance of the proposed current control.
[image: Figure 13]FIGURE 13 | Experiment waveforms of grid voltage and output current; (A) Grid voltage and output current of phase A and B; (B) Three phase output current and frequency spectrum of isA (cut off at 2%).
By embedded power dispatch and mode switching program, the experiment for the switching of operation modes are executed as depicted in Figure 14. The power references for experiment are in accordance with that in simulation. In initial stage, with rated power reference, HESS operates in Mode I, and SC voltages are regulated at 140 V. At t1, the positive active fluctuation occurs, and consequently, Mode II is activated with SCs discharging. The discharge rate of SCs tends to be flat when SC voltages approach to their lower threshold, and finally regulated at 125 V. At t2, the embedded power dispatch generates negative active fluctuation, and SCs keeps charging till their voltage reach the maximum operating value. At t3, the active fluctuation recovers to zero, and VSCA, VSCB, VSCC go back to 140 V synchronously. In addition, the SC voltages of three phases shows good balance in the whole process.
[image: Figure 14]FIGURE 14 | Waveforms of SC voltages during the whole experiment process.
The experimental results also verify the validation of the proposed method. The HESS can provide high quality and meet the grid dispatch with fast dynamics. Operation modes are switched flexibly according to the grid dispatch. while SCs can mitigate active fluctuation with good balance. Thus, long-term stable operation and short-term power compensation can be simultaneously achieved by the hierarchical power allocation strategy.
CONCLUSION
In this paper, hierarchical power allocation strategy is proposed for CMC-based star-connected battery-SC HESS. To solve the challenge caused by the synchronous ac current on the converter arms, the presented hierarchical control aims to achieve asymmetrical power coordination by distributing output voltage of SC and battery clusters. Comparing to conventional power allocation strategy for CMC-based HESS, hierarchical mechanism can reduce system complicity and achieve fast dynamics due to the following reasons: 1) control strategy is based on dq frame which avoids large amounts of vector calculation; 2) dual-loop controller is avoided since that the current control and power allocation is divided into layers. Correspondingly, EMS with two operation modes is implemented in the HESS to realize long-term stable operation and short-term power compensation simultaneously. With simplified operation modes, the mode switching algorithm can be easily achieved. According to the simulation and experimental verification, HESS using the proposed hierarchical control can meet the grid dispatch in the whole process and distribute power flexibly; moreover, it has better dynamic performance than the conventional method according to the comparison test.
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