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Abstract—Solid-state transformer (SST) and hybrid transformer 

(HT) are promising alternatives to the line-frequency transformer 

(LFT) in smart grids. The SST features medium-frequency 

isolation, full controllability for voltage regulation, reactive power 

compensation, and the capability of battery energy storage system 

(BESS) integration with multiport configuration. The HT has a 

partially-rated converter for fractional controllability and can 

integrate a small BESS. Fast grid-edge voltage fluctuations from 

increased solar photovoltaic (PV) and electric vehicle (EV) 

penetration are difficult to manage for mechanical load tap 

changers. Hence, along with the trend towards more BESS in the 

grid, the controllability and the storage integration capability of 

the SST and HT are of strong interest. However, a review of 

literature shows existing SST and HT research is mostly at 

converter level, while system-level assessments are scarce. 

Assessing technical and economic impacts is critical to 

understanding the benefits and role of the SST and HT to guide 

future research, which is presented for the first time in this article. 

Experimental results from medium-voltage (MV) SST and MV 

HT prototypes are shown to confirm equipment-level feasibility, 

where the voltage controllability waveforms of a MV HT 

prototype are reported for the first time. Comparative simulations 

are performed on a modified IEEE 34-bus system. A grid-model-

less decentralized grid-edge voltage control method and a day-

ahead BESS dispatch method are proposed for the SST and HT. 

The simulations show that the SST and HT with integrated storage 

can host more PV, achieve peak shaving, mitigate voltage 

fluctuation and reverse power flow, and support energy arbitrage 

for operational cost reduction, as compared to the LFT. Moreover, 

comprehensive analyses of net present value (NPV) and internal 

rate of return (IRR) are performed under different installed PV 

capacities, HT’s partial converter ratings, and BESS capacities. 

Sensitivities to future cost reductions of the PV and BESS are 

studied. Although the NPV and IRR are currently negative, 60% 

capital cost reduction or 150% revenue increase will make the SST 

and HT economically viable in the use case studied. 

 
Index Terms—Distributed renewable energy resource (DER), 

solid-state transformer (SST), hybrid transformer (HT), power 

electronic transformer (PET), medium-frequency transformer 

(MFT), active distribution network (ADN), load tap changer 

(LTC), electric vehicle (EV). 

I. INTRODUCTION 

HERE is a growing trend towards increased penetration of 

distributed energy resources (DERs) in active distribution 

networks (ADN) [1]-[3]. In addition, electric vehicles (EVs) 

and EV charging infrastructure are booming [4]-[5]. The 

integration of these intermittent resources, however, creates 

problems in the grid, one of the most severe being the voltage 

rise at the end of the feeder due to active power injection from 

photovoltaic (PV) power generation [1]-[3]. Increased 

installations of EV chargers and vehicle-to-grid (V2G) 

technologies promising bidirectional power flow can 

exacerbate this problem [4]-[5]. To safely utilize and realize the 

benefits of DERs, the voltage fluctuation should be kept within 

safe limits [1]-[3]. However, traditional voltage regulation 

devices including load tap changers (LTCs) and switched 

capacitor banks are slow and can only operate a few times each 

day during their lifetime. Hence, they cannot satisfy the voltage 

regulation requirements with fluctuating PV sources or EV 

chargers in ADNs [1]-[3], [6]. Another growing trend in the 

distribution grids is the proliferation of energy storage, which 

can be used for peak shaving, volt/var support, and energy 

arbitrage to reduce total electricity cost [7]-[9]. 

 The solid-state transformer (SST), also known as power 

electronic transformer (PET), is envisioned to replace the line-

frequency transformer (LFT) with a medium-frequency 

isolated power converter for controllability and storage  

integration to address the aforementioned issues in distribution 

grids [10]-[14]. Recent advances in medium-voltage (MV) SiC 

devices have led to enormous interests in SSTs and PETs [15]-

[16]. Significant progress has been made in converter 

protection [17]-[19], topologies such as single-stage current-

source circuits [14], [20]-[21], resonant converter circuits [22], 

dual-active-bridge circuits [23]-[25], and matrix-type circuits 

[26]-[27], converter controls [28]-[35], applications [36]-[41] 

in PV, microgrids, etc., and auxiliary components [42]. 

Importantly, MV experimental prototypes [14], [20]-[24] have 

shown high efficiency of about 97% for AC-AC conversion, 
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and industrial trials of the SST have been reported in [43]. 

Besides the aforementioned equipment-level SST research, 

some system-level SST research has been performed. A voltage 

control and dispatch method for SST is proposed in [44]. 

Energy management methods for SST-fed DC microgrids [45], 

converter interaction and stability [46]-[47] are also studied. 

The modeling and simulation of SST for power system analysis 

are discussed in [48]-[49]. However, the impacts and 

economics of the SST from the controllability and the 

integrated battery energy storage system (BESS) to address 

fluctuating DERs in a distribution grid have not been addressed. 

Furthermore, system-level impact and economic comparisons 

for the hybrid transformer (HT) and the LFT are needed. 

 The HT is a LFT that incorporates a partially-rated power 

converter for ~5%-20% controllability. With fractionally-rated 

power electronics, the HT is less expensive and more efficient 

than the SST and is better targeted for near-term applications 

[2], [50]. Research progress has been made on protection 

concepts [51] and hardware design [52]. The HT can also be 

used as a voltage sag corrector [53]-[54]. The HT prototypes 

based on back-to-back voltage-source converters [55] and 

direct AC-AC converters [56]-[57] for power flow control have 

been built and tested [58]. 

 The existing research on the HT is mainly focused on 

converter-level analysis, though a comprehensive qualitative 

view of the HT’s functionality in distribution grids is presented 

in [50]. A quantitative assessment of the HT’s system-level 

impact is missing in the literature. Moreover, the proliferation 

of PV and storage needs to be considered to better understand 

the role of the HT in emerging distribution grids. Therefore, the 

first contribution of this article is on the quantitative assessment 

of the HT with an integrated storage. To the authors’ best 

knowledge, the HT with integrated storage in Fig. 1 and the 

impacts on the distribution grid, i.e., the benefits from the 

controllability and the storage with dispatch and control 

methods have not been studied in the literature. For the SST, 

the authors believe that it is very important to discuss the 

challenges and applicability of the SST. The grid-connected 

applications of the SST is presented qualitatively and 

conceptually in [59]. Quantitative assessment of technical and 

economic aspects in the distribution grid application is covered 

in this article, which is the second contribution of the article. In 

other words, comparative quantitative impact assessment and 

economic analysis on the controllability of the SST and the HT 

to increase PV penetration and integrate storage as compared to 

a LFT have not yet been studied in the literature, to the authors’ 

best knowledge. Generally, with falling costs of MV SiC 

devices, increased needs for controllability in the distribution 

grid [1]-[2], and more efficient, robust, and reliable converters, 

higher penetration of power electronics is a general trend [6], 

[60]-[61]. It is critical to understand the system-level technical 

and economic benefits from the power electronic equipment 

such as the HT and the SST and the differences of these impacts 

from the different controllability of the HT and the SST. 

 This article is an attempt to address the aforementioned 

research gap and to compare the performance of the SST with 

integrated storage, the HT with integrated storage, and the LFT 

in the distribution grid from both technical and economic 

perspectives. Moreover, to realize and compare the 

controllability and the storage integration capability in the grid, 

appropriate dispatch and control methods are required. A grid-

edge voltage control method without the need of a grid model, 

and a day-ahead BESS dispatch method are presented for the 

HT and the SST with integrated storage. 

 The rest of this article is organized as follows. Different 

aspects of the SST, the HT, and the LFT in the distribution grid 

application are introduced in Section II. Section III presents the 

modified IEEE 34-bus testing network and installed SST and 

HT configurations. The control and the dispatch method are 

covered in Section IV. Section V describes equipment-level 

results of MV SST and HT prototypes. Then, the system-level 

technical and economic impacts are discussed in Section VI and 

Section VII, respectively. Section VIII concludes the article. 

II. SOLID-STATE, HYBRID, AND LINE-FREQUENCY 

TRANSFORMERS IN ACTIVE DISTRIBUTION GRIDS 

 Different aspects of the SST, the HT, and the LFT in the 

distribution grid application are introduced. The SST has a 

fully-rated power converter with a medium-frequency 

transformer (MFT). Therefore, the SST can achieve voltage 

control, reactive power injection, harmonic filtering, and 

energy storage integration up to the 100% voltage and power 

 
Fig. 1. Solid-state transformer (SST) and the hybrid transformer (HT) with 

integrated storage in active distribution grids. (a) Line-frequency transformer. 

(b)-(c) SST. Both the three-stage SST in (b) and the single-stage current-source 

SST [14] in (c) can realize controllability and storage integration. (d) Energy 

storage. (e)-(f) HT. The converter in the HT can be installed either on (e) LV 

side or (f) MV side of the transformer. 
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rating of the power converter. The system-level support from 

the integrated energy storage can also be provided. The HT with 

a partially-rated converter can provide similar services but only 

up to its fractional rating of the converter. Here, the fractional 

rating is normally between 5% and 20%, depending on the 

specific design and applications. The LFT does not have any 

controllability without a power converter or a LTC. 

Importantly, to realize the controllability and the storage 

integration advantages from the topology of the SST and the 

HT in active distribution grids, appropriate dispatch and control 

methods are required. 

 The LFT has the highest efficiency of 99%. The SST has all 

the power flowing through electronic conversion stages. The 

estimated efficiency is around 97% [20]. For the HT, only 5%-

20% of the power is processed through a rectifier and an 

inverter, and the rest only flows through the transformer. With 

a 99% efficient rectifier and a 99% efficient inverter, the 

efficiency of the HT is 98.6%-98.9% which is close to a LFT. 

The lifetime of power converters can be as long as 20 years with 

a reliability-oriented design, while the transformer can last 30-

40 years. Thus, the SST has the shortest lifetime. For the HT, 

considering that the fail-normal switch [55]-[58] can bypass the 

converter under failures for the operation at least like a LFT, 

the shorter lifetime of the converter is of less concern. 

Regarding reliability, the LFT and the HT with a fail-normal 

switch are robust. The SST’s reliability highly depends on the 

architecture. A modular design with redundant modules is 

preferred for high reliability [20]-[21]. 

 The protection of the SST is a key challenge as 

semiconductors are sensitive to overvoltage or overcurrent. 

Especially, protection schemes for lightning surge and basic 

insulation level are required [17]. Fault current sourcing for 

compatibility with legacy protection systems is another issue, 

where devices with overrated current rating are potentially 

needed. For the HT, with the fail-normal switch to bypass the 

converter, the fault current can be sourced from the transformer 

directly, which makes the protection design easier than the SST 

[51], [55]-[58]. The protection design of the LFT is relatively 

mature and reliable. 

 The cost of the SST is much higher than the LFT and the 

HT. For example, according to the authors’ 7.2 kV 50 kVA MV 

SST and HT prototypes in Section V, the SST cost is estimated 

to be 86.2 $/kVA, i.e., 3.4 times of a LFT, when the HT has 

31.7 $/kVA estimated cost. However, note that the per kVA 

cost of the SST is still much lower than the PV or the BESS as 

will be detailed in Section VII. Regarding volume, the SST 

enjoys a power density of 2.7 W/in3 which is 22% higher than 

the LFT of 2.2 W/in3, as measured from the authors’ prototypes 

in Section V. The HT’s size is very similar to the LFT, e.g., 

only 5%-10% larger due to the fractionally rated converter. As 

to manufacturability, the SST requires significant realization 

and integration efforts, especially for modular design with more 

than one set of peripherals including sensors, gate drivers, etc. 

The additional efforts of HT compared to the LFT include a 

tertiary winding or additional transformer taps and a partially-

rated power converter. The passive LFT can be manufactured 

much easier than the SST and the HT. 

 Overall, the SST and the HT have better performance 

metrics including controllability and functionality but higher 

cost, as summarized in Table I. The next question is whether 

the additional controllability and functionality can justify the 

higher cost. To evaluate the technical benefits, the test network 

will be discussed in the next section. The dispatch and control 

methods for the SST and the HT are necessary for the 

TABLE I 
Solid-state transformer (SST), hybrid transformer (HT) and line-frequency 

transformer (LFT) in distribution grids 

 

 SST 
 

HT LFT 

Controllability 100% voltage, 

power 

 

5%-20% voltage, 

power 

No 

Functionality Integrated storage, system-level support 

from storage, voltage control, var 

injection, and active filtering up to the 
voltage/power controllability rating 

 

No 

Efficiency 97% 
 

98.6%-98.9% 99% 

Lifetime 20 yrs 20 yrs converter, 

30-40 yrs 

transformer 
 

30-40 

yrs 

Reliability Depends on the 

modularity of the 

design 

High, with fail-

normal switch 

 

High 

 

Protection Difficult, sensitive 

to surge 

 

Medium, with fail-

normal switch 

Easy 

Cost High, but much 

lower than 

PV/storage 
 

Low Lower 

Size Small 

 

Large Large 

Manufacturability Difficult 
 

Medium Easy 

 

 
Fig. 2. Modified IEEE 34-bus system [62] with the conventional line-frequency 
transformer (LFT) at node 832 replaced by either a solid-state transformer 

(SST) or a hybrid transformer (HT) in test cases. The SST or the HT is coupled 

to a modified LV feeder benchmark [63]. Single-phase and three-phase PVs are 
installed on the LV grid and the MV grid. 
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controllability and functionality, which will be covered in 

Section IV. 

III. TEST NETWORK AND INSTALLED SOLID-STATE 

TRANSFORMER AND HYBRID TRANSFORMER CONFIGURATIONS 

 The IEEE 34-bus system with PQ loads and constant 

impedance loads in [62] is modified and used as shown in Fig. 

2. The conventional MV/LV LFT at node 832 in the original 

IEEE 34-bus system is replaced with either a SST with 

integrated storage or a HT with integrated storage in Fig. 1 to 

study the impacts. The LV-side of the SST or the HT supplies 

the modified LV feeder reference network [63], which is 

converted to the voltage level of US 120 V/240 V split-phase 

systems. The LV feeder lengths between consecutive nodes 

(beginning with node 1) are 100 m, 150 m, 200 m, and 200 m, 

respectively. The locations and sizes of the loads on the LV 

feeder and the locations of the PV systems on the MV grid and 

the LV feeder are fixed in all test cases as shown in Fig. 2. The 

PV sizes in Fig. 2 correspond to the case of the SST, while the 

HT and the LFT host less PV as will be shown in Section VI. 

The voltage fluctuation from the PV can lead to severe and 

unacceptable mechanical wear of the LTCs [1]-[3], [6]. Hence, 

the settings of the LTCs are fixed at their default values in the 

simulations. 

 As this article aims to understand the system-level impacts 

at the line frequency rather than the switching frequency, the 

switching ripple is neglected [64] and the AC/DC and DC/AC 

stages in the HT and the SST in Fig. 1 are modeled as current 

sources or equivalently active and reactive power drawn from 

the MV grid through the transformer tertiary winding (in the 

HT case) or directly (in the SST case), and voltage sources 

which supply the LV feeder. In the HT of Fig. 1, the DC/AC 

converter can produce a voltage 𝑉HT_conv  on top of the 

transformer secondary voltage 𝑉HT_sec . The sum of the two 

voltages produces the controlled feeder-head voltage 𝑉HT_fh in 

(1). In the SST of Fig. 1, the output voltage 𝑉SST_conv of the 

DC/AC converter produces the controlled feeder-head voltage 

𝑉SST_fh in (2). 

 𝑉HT_fh = 𝑉HT_conv + 𝑉HT_sec (1) 

 𝑉SST_fh = 𝑉SST_conv (2) 

 On the other hand, the AC/DC converter of the HT, which 

is coupled to the transformer tertiary winding, can inject 

reactive power 𝑄HT_conv, into the MV grid. The total reactive 

power drawn from the MV grid 𝑄HT_total in (3) is the sum of 

𝑄HT_sec  from the LV feeder and 𝑄HT_conv . The active power 

injection 𝑃HT_total  is determined by the load power 𝑃load  and 

the PV power 𝑃pv  on the LV feeder and the DC-link BESS 

power 𝑃HT_bat in (4). Similarly, in (5), the AC/DC converter of 

the SST can perform the reactive power injection 𝑄SST_total into 

the MV grid, which is used to control the MV-side voltage via 

volt/var support. The active power injection 𝑃SST_total in (6) is 

also determined by the LV-feeder net load and the BESS power 

𝑃SST_bat. The major differences between the SST and the HT 

include the voltage/power rating and controllability of the 

power converter, and the power rating of the integrated BESS 

(1 pu for the SST and 0.05-0.2 pu for the HT). 

𝑄HT_total = 𝑄HT_conv + 𝑄HT_sec                       (3) 

𝑃HT_toal = 𝑃HT_conv + 𝑃HT_sec = 𝑃load − 𝑃pv + 𝑃HT_bat   (4) 

𝑄SST_total = 𝑄SST_conv                                      (5) 

𝑃SST_total = 𝑃SST_conv = 𝑃load − 𝑃pv + 𝑃SST_bat       (6) 

 The references for the LV feeder-head (node 1) voltages 

𝑉HT_fh  and 𝑉SST_fh, the reactive power injection 𝑄HT_conv  and 

𝑄SST_conv into the MV grid, and the dispatched battery power 

𝑃HT_bat  and 𝑃SST_bat  are derived by the control and dispatch 

methods in the following section. 

IV. PROPOSED DAY-AHEAD DISPATCH OF THE BESS AND 

CONTROL METHODS FOR VOLTAGE FLUCTUATION MITIGATION 

A. Day-Ahead Dispatch for the BESS 

 The SST and the HT have the capability of integrating the 

BESS with only an additional DC/DC converter as the interface 

or without any additional power converter. In particular, to 

realize the storage-integration capability, an appropriate 

dispatch and control method is required. In this article, peak 

shaving, energy arbitrage for electricity cost reduction, and 

upstream reverse-power-flow mitigation are studied. In other 

words, this article covers most of the benefits of the BESS in 

the distribution system in [7]-[9], with the voltage regulation 

from the SST or the HT. 

 Under high-penetration PV generation, reverse power flow 

can occur, interfering with the overcurrent protection relay [1]. 

The reverse power flow also impacts the settings of the LTCs 

[1]. Moreover, net metering policies which pay prosumers for 

back-feeding power are controversial in some regions and cause 

cost recovery issues for the distribution system operator [65]. 

 Therefore, the following battery dispatch problem is 

formulated to achieve peak shaving, energy arbitrage, and 

reverse power flow mitigation. The cost function for day-ahead 

dispatch includes time-of-use electricity charge, demand 

charge, and degradation cost of the BESS as given in (7). 

Min 𝑓 = ∑ 𝑃total
𝑡 𝐿𝑀𝑃𝑡𝑇𝑁

𝑡=1 + 𝑃total,peak
𝑡 𝐶demand +

∑ |𝑃bat
𝑡 |𝐶bat𝑇𝑁

𝑡=1     (7) 

where 𝐿𝑀𝑃𝑡  is the locational marginal price every hour (T=1 

hr) throughout a day which is estimated one day ahead and 

𝑃total
𝑡  is the total active power drawn from the MV grid. The 

electricity charge is calculated every hour and summed 

throughout a day (N=24), a month (N=720), or a year (N=8760). 

𝑃total,peak
𝑡 𝐶demand is the demand charge paid once per billing 

cycle (a month), where 𝑃total,peak
𝑡  is the peak hourly power 

usage of 𝑃total
𝑡  in the billing cycle and 𝐶demand is the demand 

charge. Therefore, when the cost function is minimized, the 

demand-charge term naturally tries to smooth out the power 

usage profile and penalizes huge peak power. 𝐶bat is the battery 
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degradation cost at 0.027 $/kWh, assuming a battery cost of 190 

$/kWh and a lifecycle of 3500 cycles [66]. 𝑃bat
𝑡  is the hourly 

battery power usage. The optimization problem in (7) can be 

converted and solved in the form of linear programming [67]. 

 The total active power drawn from the MV grid 𝑃total
𝑡  in (7) 

is calculated by (8). 𝑃total
𝑡 , being a general symbol, would be 

𝑃SST_total
𝑡  for the SST case and  𝑃HT_total

𝑡  for the HT case. In 

other words, (8) has the same meaning as (4) or (6). To avoid 

reverse power flow from the LV feeder into the MV grid, (9) is 

enforced as a constraint of the optimization problem. 

 𝑃total
𝑡 = 𝑃load

𝑡 − 𝑃pv
𝑡 + 𝑃bat

𝑡  (8) 

 𝑃total
𝑡 > 0 (9) 

 The BESS can be charged to increase its state of charge 

(SoC) as in (10a) or discharged as in (10b). The efficiency 𝜂𝑏𝑎𝑡 

of the BESS is assumed to be 95%, yielding a ~90% round-trip 

efficiency [66]. Equation (11) ensures that the initial SoC of the 

BESS equals the final SoC in each day. In (12), the BESS 

should not operate above 80% SoC (𝑆𝑜𝐶bat,max) or below 20% 

SoC (𝑆𝑜𝐶bat,min) to mitigate degradation [66]. The constraints 

of peak BESS power within the rated power (𝑃bat,rated) are 

shown in (13). While (4), (6), and (8) are similar and the same 

optimization method is used, the power and energy sizings are 

different for the SST and the HT. 

When 𝑃bat
𝑡 > 0, the battery is charged according to, 

 𝑆𝑜𝐶bat
𝑡 = 𝑆𝑜𝐶bat

𝑡−1 + 𝜂𝑏𝑎𝑡𝑃bat
𝑡 𝑇/𝐶𝑎𝑝bat (10a) 

When 𝑃bat
𝑡 < 0, the battery is discharged according to, 

 𝑆𝑜𝐶bat
𝑡 = 𝑆𝑜𝐶bat

𝑡−1 +
𝑃bat

𝑡 𝑇

𝜂𝑏𝑎𝑡
/𝐶𝑎𝑝bat (10b) 

 𝑆𝑜𝐶bat
𝑡=0 = 𝑆𝑜𝐶bat

𝑡=24 (11) 

 𝑆𝑜𝐶bat,min < 𝑆𝑜𝐶bat
𝑡 < 𝑆𝑜𝐶bat,max (12) 

 −𝑃bat,rated < 𝑃bat
𝑡 < 𝑃bat,rated (13) 

B. Control Methods for Voltage Fluctuation Mitigation 

 To realize the controllability advantage of the SST and the 

HT, an appropriate voltage control method is essential. On the 

LV side, the feeder-end voltage 𝑉fe fluctuation can be regulated 

by adjusting the feeder-head voltage 𝑉fh, which is 𝑉HT_fh for the 

HT in (1) and 𝑉SST_fh  for the SST in (2). The decentralized 

control method in Fig. 3 does not require a grid model, but 𝑉fe 

needs to be measured and communicated. Note that if 𝑉fe is not 

measured, currents from each feeder node and an accurate grid 

model would be required to estimate 𝑉fe. However, an accurate 

model is normally not available from the utility [68]. Thus, 

further reducing the communication burden is nontrivial. In Fig. 

3 (a), an integral controller with deadband and saturation limit 

is proposed. In each control cycle, only when the feeder-end 

voltage 𝑉fe is out of the deadband [𝑉LV_db,min, 𝑉LV_db,max], the 

converter voltage 𝑉conv (𝑉SST_conv for the SST and 𝑉HT_conv for 

the HT) is adjusted in (14) by one step 𝑉step, i.e., 0.01 pu in the 

simulations. The converter voltage 𝑉conv should be adjusted in 

(15) so that the feeder-head voltage 𝑉fh in (16)-(17) is within 

the limits [𝑉LV,min, 𝑉LV,max]  as dictated by the grid code. 

Moreover, the converter output voltage should not exceed the 

voltage rating as given by (18). In the HT, 𝑉HT_conv  cannot 

exceed the partially-rated converter rating 𝑉HT_conv,rated. 

𝑉conv,tmp1
∗,𝑡 = {

𝑉conv
∗,𝑡−1 + 𝑉step, if 𝑉fe

𝑡−1 < 𝑉LV_db,min

𝑉conv
∗,𝑡−1 − 𝑉step, if 𝑉fe

𝑡−1 > 𝑉LV_db,max

𝑉conv
∗,𝑡−1, otherwise

     (14) 

𝑉conv,tmp2
∗,𝑡 = 

{

𝑉conv,tmp1
∗,𝑡 + 𝑉LV_db,min − 𝑉fh

∗,𝑡 , if 𝑉fh
∗,𝑡 < 𝑉LV_db,min

𝑉conv,tmp1
∗,𝑡 + 𝑉LV_db,max − 𝑉fh

∗,𝑡 , if 𝑉fh
∗,𝑡 > 𝑉LV_db,max

𝑉conv,tmp1
∗,𝑡 , otherwise

(15) 

𝑉HT_fh
∗,𝑡 = 𝑉HT_conv,tmp1

∗,𝑡 + 𝑉HT_sec
𝑡−1          (16) 

 𝑉SST_fh
∗,𝑡 = 𝑉SST_conv,tmp1

∗,𝑡
                        (17) 

𝑉conv
∗,𝑡 = {

𝑉conv,rated, if 𝑉conv,tmp2
∗,𝑡 > 𝑉conv,rated

𝑉conv,tmp2
∗,𝑡 , otherwise

     (18) 

 On the MV side, reactive power injection into the MV grid 

can be controlled to regulate the voltage of the targeted bus and 

positively affect nearby buses, which can mitigate voltage 

fluctuations when PV is installed at these buses. The proposed 

MV-side volt/var control is illustrated in Fig. 3 (b). The targeted 

bus voltage is chosen to be the MV-side voltage of the MV/LV 

transformer to enable decentralized control with only local 

information and minimal communication burden. Moreover, 

the grid model is not required, which is desirable because the 

network impedance model is generally not available [68]. In 

(19), when the targeted bus voltage 𝑉MV  is outside of the 

deadband [𝑉MV_db,min,  𝑉MV_db,max] , the reactive power 

injection 𝑄conv  (𝑄SST_conv  for the SST and 𝑄HT_conv  for the 

HT) is adjusted by one step 𝑄step, i.e., 10 kvar for the SST and 

1 kvar for the HT in the simulations. When the targeted bus  

voltage 𝑉MV  is within the deadband, the reactive power 

injection remains unchanged in (19). Moreover, the reactive 

power injection cannot exceed the total power rating of the 

converter 𝑆conv,rated as given in (20)-(21). 

𝑄conv,tmp
∗,𝑡 = {

𝑄conv
∗,𝑡−1 − 𝑄step, if 𝑉MV

𝑡−1 < 𝑉MV_db,min

𝑄conv
∗,𝑡−1 + 𝑄step, if 𝑉MV

𝑡−1 > 𝑉MV_db,max

𝑄conv
∗,𝑡−1, otherwise

     (19)  

 
Fig. 3. Control block diagrams for the hybrid transformer (HT) and the solid-

state transformer (SST) to regulate (a) the LV-feeder-side voltage and (b) the 

MV-grid-side voltage. 
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𝑄conv
∗,𝑡 = {

−𝑄conv,tmp
∗,𝑡 , if 𝑄conv,tmp

∗,𝑡 < −𝑄conv,sat
∗,𝑡

𝑄conv,tmp
∗,𝑡 , if 𝑄conv,tmp

∗,𝑡 > 𝑄conv,sat
∗,𝑡

𝑄conv,tmp
∗,𝑡 , otherwise

  (20) 

𝑄conv,sat
∗,𝑡 = √𝑆conv,rated

2 − 𝑃conv
∗,𝑡 2

            (21) 

 Besides the advantages of minimal communication burden 

and no required knowledge of the grid model, the control 

methods feature deadband to reduce the possibility of 

oscillation and interaction. Due to the deadband, the possible 

equilibrium points are a set instead of a single operating point. 

V. MEDIUM-VOLTAGE SOLID-STATE TRANSFORMER AND 

HYBRID TRANSFORMER EXPERIMENTAL PROTOTYPES 

 Before the assessments of the HT and SST in distribution 

grids, their technical feasibility is verified by MV experimental 

results from a HT prototype and a SST prototype. The MV 

waveforms from a MV/LV distribution HT prototype and 

voltage controllability are scarce in the literature and reported 

for first time, to the authors’ best knowledge. 

A. Hybrid Transformer (HT) 

 A 7.2 kV/240 V HT prototype in Fig. 4 has been built and 

tested. In this prototype, the partially-rated converter is a direct  

AC-AC converter on the MV side of the transformer to avoid 

bulky DC-link capacitors for reduced cost, high reliability, and 

long lifetime. A conventional back-to-back voltage-source 

converter is an alternative solution [55]. In Fig. 4, the basic 

operation principle is to inject a voltage 𝑉conv by switching S1 

and S2 alternatively in the direct AC-AC chopper with any duty  

cycle, i.e., S1 conducting duration, between 0% and 100% [69]. 

The injected voltage 𝑉conv can adjust the voltage 𝑉pri across the 

primary winding of the transformer to change the secondary-

winding voltage 𝑉sec  for a LV feeder. With the dual virtual 

quadrature source control [70], reactive power support can also 

be achieved. During normal operation, the fail-normal switch 

R1 and T1 are open. When the converter fails or short-circuit 

fault current sourcing is needed to inform legacy protection 

relays, the fail-normal switch R1 and T1 are closed to bypass 

the converter. The converter is designed for ±5% voltage 

regulation capability with the parameters listed in Table II. 

 The waveforms at 6.2 kV MVAC in Fig. 5 illustrate the 5% 

boost operation, where the relay R2 is closed and R3 is open. 

The left half of Fig. 5 shows real-time measurements, and the 

right half of Fig. 5 illustrates rms values. In Fig. 5, the 

transformer secondary-side voltage is smoothly ramped up 

from roughly 200 V to 210 V and then ramped back down to 

  
                      (a)                                                         (b) 

Fig. 4. (a) Experimental prototype and (b) circuit diagram of a 7.2 kV 50 kVA 

hybrid transformer with ±5% secondary-voltage controllability. 

 

 

 
TABLE II 

Parameters of the 7.2 kV hybrid transformer (HT) prototype 

Parameter Symbol Value 

Switching frequency fsw 5 kHz 

Bidirectional switches from anti-

series Si IGBTs 

S1, S2 1.2 kV, 25 A 

Relay R1 400 V, 120 A 

Relay R2, R3 300 V, 20 A 

Bidirectional fail-normal switches 

from paralleled thyristors 

T1 1.4 kV, 180 A 

Filter inductor Lf 20 mH 

Filter capacitor  Cf 2.2 μF 

Filter capacitor C1, C2 10 μF 

 

 
Fig. 5. Experimental waveforms of the hybrid transformer prototype at 6.2 kV 

for 5% secondary-voltage boost operation. 

 

 

 

 
Fig. 6. Zoomed experimental waveforms of the hybrid transformer prototype at 

6.2 kV with 10% duty cycle for boost operation. 
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200 V, as the injected converter voltage is ramped up from 

roughly 100 V to 300 V and then back down to 100 V. Fig. 6 

shows the partially-rated converter’s output voltage 𝑉conv 

during the voltage ramp up when the duty cycle is 10%. In 

summary, the voltage regulation capability and the technical 

feasibility of a HT are verified in Figs. 5-6 at 6.2 kV. 

B. Solid-State Transformer (SST) 

 A 7.2 kV modular SST prototype is shown in Fig. 7 with 

parameters listed in Table III. This SST is a current-source 

converter, where the transformer magnetizing inductance 

Lm_MV is the current DC link. Hence, the SST can operate under 

AC/AC or AC/DC or DC/DC mode [14]. As the major 

challenge of the SST lies in the MV and isolated stage, 

demonstrating MVAC to LVDC conversion is desirable [27], 

[34], [43]. A standard LV inverter can be used for a regulated 

LV AC voltage. 

 In Fig. 8, single-module operation at 1.44 kV is shown, 

where the MV side and the LV side of the SST are connected 

to a resistor bank and a rectifier, respectively. The MVAC 

voltage 𝑣Cf_MV  is sinusoidal. The LVDC voltage 𝑣Cf_LV  is 

smooth and steady. The buffer voltage 𝑣CBuffer has a double-

line-frequency ripple as the buffer capacitors absorb the double-

line-frequency power ripple under the single-phase loading 

condition. Larger buffer capacitance or additional filters are 

needed to fulfill ripple requirements, if interfacing a battery on 

this port is desired. Note that the double-line-frequency voltage 

of 𝑣CBuffer is internal and does not affect the external MVAC 

characteristics. In summary, the performance and the technical 

feasibility of a SST are verified at MV. 

 

VI. TECHNICAL IMPACT EVALUATION OF SOLID-STATE 

TRANSFORMER AND HYBRID TRANSFORMER IN ACTIVE 

DISTRIBUTION GRIDS 

A. Simulation Methods 

 Comprehensive simulations have been carried out to 

determine the PV hosting capacity in both the LV feeder and 

the MV networks, the impacts of the BESS and the 

controllability, and the yearly operational cost of the LV feeder, 

when the MV/LV transformer in Fig. 1 is a HT, a SST, or a 

LFT. The simulations are based on the dispatch and control 

methods in Section IV. The location under study is Atlanta, and 

the corresponding yearly load profiles and PV generation 

profiles are from [71]-[72]. The SST and the integrated BESS 

power ratings are sized based on the peak power of the LV 

feeder over the entire year, which is 103.8 kW on phase B on 

August 19. Thus, the three-phase rating of the SST is selected 

to be 360 kW with ~15% margin. The BESS is sized to be 360 

kW 720 kWh with a duration of 2 hours, according to the 

average US utility BESS duration of 1.7 hours [73]. The HT has 

a fractional converter rating of 12 kW per phase and the 

integrated BESS is 12 kW 24 kWh. While this section reports 

the results of one set of parameters, the fractional converter 

rating of the HT and the BESS duration of the HT and the SST 

will be swept to comprehensively study the system-level 

economic impacts in Section VII. The LV and MV PV hosting 

capacities for each of the three transformer types are 

determined by incrementally increasing the PV penetrations 

until any of the following constraints are violated: LV-node 

voltages outside of the ANSI C84.1 limits of [0.95 pu, 1.05 pu] 

for [𝑉LV,min, 𝑉LV,max], MV-node voltages outside of the ANSI 

C84.1 limits of [0.975 pu, 1.05 pu] for [𝑉MV,min, 𝑉MV,max] , 

reverse power flow into the upstream MV grid due to the 

absence of the BESS to buffer PV power (for the LFT case) and 

the finite power rating of the BESS (for the HT and SST cases). 

Note that because the MV-grid voltage fluctuation can fully or 

partially propagate into the LV-feeder when the LFT or the HT 

is used, the MV PV hosting capacity is coupled to the LV PV 

hosting capacity. To address this issue, the following strategy 

is used. The MV PV power is first set to zero and the LV PV 

power is gradually increased until the maximum LV hosting 

capacity is reached. Then, the LV PV power is set at the hosting 

  
                   (a)                                                       (b) 

Fig. 7. Schematic and experimental prototype of a 7.2 kV 50 kVA AC/DC 

modular solid-state transformer. 

 

 
TABLE III 

Parameters of the 7.2 kV solid-state transformer (SST) prototype 

Parameter Symbol Value 

Switching frequency fsw 16 kHz 

Magnetizing inductance Lm_MV 6.5 mH 

Filter capacitor Cf_MV 2.0 μF 

Filter capacitor Cf_LV 80.0 μF 

Buffer capacitor CBuffer 5.3 mF 

MV SiC MOSFETs and SiC diodes — 3.3 kV, 45 A 

LV Si IGBTs and SiC diodes — 650 V, 150 A 

 

 
Fig. 8. Single-module waveforms of the solid-state transformer at 1.44 kV. 
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capacity, and the MV PV power is gradually increased to 

determine the MV PV hosting capacity under the maximum LV 

PV. The deadband of the voltage control is selected close to the 

voltage violation limits to reduce operation frequency and the 

possibility of converter interaction, and within the voltage 

violation limit to allow voltage fluctuation mitigation. The 

deadband is selected to be [0.98 pu, 1.045 pu] for 

[𝑉MV_db_min, 𝑉MV_db_max]  and [0.96 pu, 1.045 pu] for 

[𝑉LV_db_min, 𝑉LV_db_max]. Finally, the obtained LV and MV PV 

hosting capacities are shown in Tables IV and V, respectively. 

 In the following subsections, simulation results are shown 

for the worst-case day of the year in terms of grid-edge voltage 

fluctuation and reverse power flow with the maximum possible 

PV installed in Tables IV and V. Using the aforementioned load 

and PV profiles [71]-[72], the worst-case day is determined to 

be May 27, as this day featured the largest negative net load 

(load minus PV generation) over the year due to high PV 

generation and low load consumption. May 27 is close to 

summer, which agrees with the literature [74]. The PV and load 

profiles for the worst-case day are given in Fig. 9. 

B. Solid-State Transformer (SST) 

 The day-ahead optimal dispatch plan of the integrated BESS 

in the SST is shown in Fig. 10. The total power from the MV 

grid is scheduled to be non-negative to prevent the reverse  

power flow. Note that the optimal dispatch considers the 

electricity cost which is higher during afternoon and lower 

during morning and night, and the demand charge, which 

penalizes large peak power spikes. Hence, in Fig. 10, the total 

power from the MV grid is smooth without sharp spikes and the 

battery is scheduled to make the total power drawn from the 

grid very small in the afternoon to reduce the electricity cost. 

Fig. 11 illustrates the real-time operation of the BESS compared 

to the optimal dispatch. A 10% stochastic noise is added to the 

PV power profile in the day-ahead dispatch planning to test the 

performance of the system under some PV power forecasting 

error. The real-time BESS power is adjusted to vary slightly 

TABLE IV 
LV-Feeder PV Hosting Capacity with Line-Frequency Transformer (LFT), 

10% Hybrid Transformer (HT), and Solid-State Transformer (SST) 

 

Node Phase SST (kW) HT (kW) LFT (kW) 

2 A 42.25 13.00 7.15 

4 B 19.50 6.00 3.30 

5 B 19.50 6.00 3.30 

Total LV-Feeder PV 81.25 25.00 13.75 

 

 TABLE V 

MV-Grid PV Hosting Capacity with Line-Frequency Transformer (LFT), 
10% Hybrid Transformer (HT), and Solid-State Transformer (SST) 

 

Node SST (kW) HT (kW) LFT (kW) 

832 70.00 53.00 51.50 

858 105.00 79.50 77.25 

834 140.00 106.00 103.00 

Total MV-Grid PV 315.00 238.50 231.75 

 
 

 
Fig. 9. PV power and load power profiles in Atlanta [72]-[73]. The profiles 

correspond to the selected worst-case day (May 27) in terms of LV-feeder 

overvoltage conditions. This day is used for the further simulations. 

 
Fig. 10. Day-ahead dispatch plan of the BESS inside the solid-state transformer 

(SST). PV power, active power of the load, active power drawn from the MV 

grid, and the optimal dispatch plan of the BESS are shown. 

 
Fig. 11. Real-time operational results of the SST and the integrated BESS. A 

10% PV forecasting error between the day-ahead dispatch plan and the real-

time operation is added on the PV power output. Reverse power flow into the 

MV grid is prevented in real-time by adjusting the BESS power to compensate 

for the PV forecasting error. 
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from the dispatch plan to compensate for the variability and to 

prevent reverse power flow in Fig. 11. 

 The LV and MV voltage profiles with the SST as the 

MV/LV interface transformer are shown in Fig. 12. For the LV 

feeder, when the PV generation peaks during mid-day, the SST 

reduces the feeder-head node 1 voltage to prevent grid-edge 

overvoltage. Around 17:00, with falling PV production and 

increasing load consumption, the SST quickly increases the 

feeder-head node 1 voltage to prevent grid-edge undervoltage. 

The LV feeder is close to the maximum PV hosting capacity as 

the node 1 and 5 voltages are close to the ANSI limits. For the 

MV grid, volt/var support is implemented. The reactive power 

injection is adjusted to ensure the ANSI limits are satisfied. At 

mid-day in Fig. 12, the MV-grid voltage is very close to the 

ANSI limits, while the SST’s reactive power support is at its 

maximum and limited by the physical kVA rating, which is why 

the MV PV cannot be further increased. Note that the SST LV 

feeder-head node 1 voltage for phase A is flat during mid-day 

when the PV on the MV grid peaks, which means that the LV-

feeder voltage is decoupled from the MV-grid voltage to certain 

extent in the SST. In other words, the MV voltage fluctuation 

will not affect the LV PV penetration when the SST serves as 

the MV/LV transformer, while the same is not true for the HT 

and the LFT. 

 

C. Hybrid Transformer (HT) 

 The optimal dispatch and the real-time operation of the 

BESS in phase A of the HT are shown in Figs. 13-14. In Fig. 

13, the optimal dispatch schedules the BESS to smooth out the 

active power drawn from the MV grid to avoid power spikes 

and large demand charges. Also, the BESS is dispatched so that 

the electricity consumption from the MV grid is small during 

the afternoon when the electricity price is high to reduce the 

cost. In Fig. 14, the forecasting error of the PV is compensated 

by the BESS, and upstream reverse power flow into the MV 

grid is prevented, similar to the case of the SST. 

 The LV and MV voltage profiles with the HT as the MV/LV 

interface transformer are illustrated in Fig. 15. Note that though 

the power converter inside the HT can inject an additional 

voltage on top of the MV-side voltage to regulate the LV-side 

output voltage, the MV-grid voltage and the LV-feeder-head 

node 1 voltage are not fully decoupled. This phenomenon can 

be observed in the LV-grid phase A voltage of Fig. 15 which 

follows the same pattern as the MV-grid phase A voltage, while 

 
Fig. 12. Voltage profiles of the LV feeder and the MV grid in the solid-state 

transformer (SST) case. The SST provides 100% LV-side and MV-side voltage 

control. There is an integrated BESS inside the SST of the same power rating 

as the SST. 

 
Fig. 13. Day-ahead dispatch plan of the BESS inside the hybrid transformer 

(HT) on phase A. PV power, active power of the load, active power drawn from 

the MV grid, and the optimal dispatch plan of the BESS are shown. 

 
Fig. 14. Real-time operational results of the HT and the integrated BESS on 

phase A with a 10% PV forecasting error between the day-ahead dispatch plan 

and the real-time operation. 
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the same is not true for the SST in Fig. 12. This is one reason 

why the HT has less PV hosting capacity than the SST, as 

shown in Tables IV and V. The other reason is that the excess 

energy produced by the PV needs to be stored in the BESS to 

prevent the reverse power flow due to the incompatibility with 

legacy protection system and the issue of power back-feeding 

policy [1], [65]. With the 100% rated, 2-hour BESS in the SST 

in Fig. 11, the BESS is charged to store the extra PV energy 

from ~0.5 SoC to ~0.8 SoC. However, the power and energy 

rating of the BESS in the HT is physically limited with the 

partially-rated converter architecture and is only 10% of that in 

the SST, which compromises the PV hosting capacity. 

D. Line-Frequency Transformer (LFT) 

In the case of the LFT, the LV and the MV voltage profiles 

are shown in Fig. 16. Due to the lack of the voltage control from 

the converters and the buffering from the integrated BESS, the 

voltage profiles reach the ANSI limits, and the reverse power 

flow occurs at significantly lower PV penetrations than the SST 

or the HT case, as shown in Tables IV and V. Furthermore, even 

with no PV power at 20:00, the LV grid phase B voltage has 

already violated the ANSI limits due to the peak load 

consumption at night in Fig. 9. Traditionally, when an LV 

feeder has a low PV penetration, LTCs are used to address this 

under-voltage violation. However, suffering from the short 

lifetime under high PV penetration, the LTCs are disabled in 

the simulations as previously mentioned. 

E. Summary of Technical Benefits and Operation Costs 

 For clarity, the key differences between the voltage profiles 

in Figs. 12, 15, 16 are emphasized here. On the LV side, the 

SST enables full decoupling between the MV and the LV 

voltages, which is why the LV node 1 voltages are flat in Fig. 

12. The HT and the LFT can only achieve partial and no 

decoupling, respectively. The LV node 1 voltages in Figs. 15-

16 thus show fluctuations propagated from the MV grid. 

Furthermore, the controllability from the SST and the HT 

enables increasing the LV node 1 phase B voltages rapidly 

around 18:00 to prevent the LV node 5 undervoltage in Figs. 12 

and 15. The LFT suffers from this feeder-end undervoltage 

issue in Fig. 16. On the MV side, the shapes of the voltage 

profiles are similar in Figs. 12, 15, 16, because the same PV 

profile is used. However, the MV PV hosting capacity is 

significantly different as shown in Table V. 

 Concerning technical benefits, compared to the LFT, the 

SST and the HT with integrated BESS can achieve peak 

shaving, reverse power flow mitigation, energy arbitrage, and 

voltage fluctuation mitigation. The peak MV-grid power in the 

simulations for the SST, the HT, and the LFT are 36.38 kW, 

58.66 kW, and 75.66 kW, respectively. Then, the benefits of 

peak load shaving of 51.92% by the SST and 22.47% by the HT 

can help asset lifetime extension [7]. Mitigation of reverse 

power flow can alleviate the incompatibility with legacy 

 
Fig. 15. Voltage profiles of the LV feeder and the MV grid in the hybrid 

transformer (HT) case. The HT provides 10% LV-side and MV-side voltage 

control up to its fractional kVA rating (10% of the SST). The integrated BESS 

inside the HT also has 10% of the power rating of the BESS in the SST. 

 
Fig. 16. Voltage profiles of the LV feeder and the MV grid in the standard line-

frequency transformer (LFT) case. There is no LV-side voltage control or MV-

side reactive power control in this case. 
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protection methods and electricity market policy [1], [65]. 

Lastly, energy arbitrage can be used to reduce the operational 

cost. 

 In addition, the voltage-fluctuation mitigation capability of 

the SST allows a significantly higher penetration of PV on both 

the MV network by 35.92% and the LV network by 490.91% 

compared to the LFT as shown in Tables IV-V, while still 

meeting the ANSI voltage limits on both sides. The HT also 

achieves improved LV PV hosting capacity compared to the 

LFT by 81.82%. The reader may wonder why the hosting 

capacity gain of the MV PV is much less than the LV PV. The 

distribution networks are much more resistive compared to the 

transmission networks, which means that the MV voltage is less 

sensitive to reactive power, and much more var injection is 

needed to adjust the voltage. On the other hand, the LV feeder 

voltage is controlled effectively by adjusting the converter 

output and changing the feeder-head voltage, not by var. Note 

that the amount of the hosted PV in this article is limited by the 

voltage and the reverse-power constraints, not by the line 

thermal capacity. 

 Furthermore, for the simulated system, the SST with yearly 

operation cost $30,006 and the HT with yearly operation cost 

$36,043 offer cost reductions of 21.05% and 5.16%, 

respectively, compared to the LFT with yearly operation cost 

$38,004. The operational cost is calculated from the LV feeder 

perspective, and the volt/var support is provided to the external 

MV grid. The pricing in distribution grids of ancillary services 

such as reactive power support is still an open question [75]. 

Therefore, the benefits of increased MV PV hosting capacity 

are not included in the operational cost calculation. Note that 

the operational cost savings are achieved in conjunction with 

the aforementioned technical benefits, thanks to the 

controllability and the flexibility of the power converters and 

the integrated storage in the SST and HT. 

VII. ECONOMIC ASSESSMENT AND COMPARISON OF SOLID-

STATE TRANSFORMER AND HYBRID TRANSFORMER 

 To analyze the economics of the SST and the HT relative to 

the LFT, net present value (NPV) and internal rate of return 

(IRR) are calculated. The NPV considers the cumulative impact 

of income cash flows (𝐶𝐹𝑡) each year over the project duration 

(T) with annual discount rate (r) versus initial capital cost (𝐶0). 

A negative NPV means that the project is not financially 

profitable. 

 NPV =  −𝐶0 +  ∑ 𝐶𝐹𝑡(1 + 𝑟)−𝑡𝑇
𝑡=1            (22) 

The IRR computes the projected return rate of the project, 

corresponding to the rate that makes NPV zero. A higher IRR, 

e.g., more than 5%-10%, leads to an equivalently higher annual 

return rate for the investment in the project. 

  −𝐶0 +  ∑ 𝐶𝐹𝑡(1 + 𝐼𝑅𝑅)−𝑡𝑇
𝑡=1 = 0           (23) 

 The capital costs of different equipment are listed in Table 

VI. The SST cost of 86.2 $/kVA and the HT cost of 31.7 $/kVA 

are estimated from the MV prototypes in Section V. Because 

the lifetime of the BESS is 10 years and one replacement over 

the 20-year project duration (T) is needed, the BESS cost is 

doubled to be 380 $/kWh [77]. The PV system cost is 1.83 $/W   

 

 
[78]. The sum of all equipment costs determines the initial 

capital cost (𝐶0). The income cash flow (𝐶𝐹𝑡) each year is the 

yearly benefits of replacing the LFT with the SST or the HT, 

i.e., yearly operational cost reduction of the SST or the HT case 

compared to the LFT. For example, $30,006, $36,043, and 

$38,004 are the yearly operational cost of the SST, HT, and 

LFT cases under the parameters of the simulation section, 

respectively. Note that as the PV hosting capacity has been 

verified through the simulations with the proposed control, the 

voltage constraints, the reverse-power-flow constraints, etc., 

are satisfied under this set of parameters. The yearly operational 

cost numbers are calculated by adding up the daily operational 

cost optimization results in (7) throughout a year. Then, the 

yearly operational cost reduction of the SST and the HT in this 

case are calculated as $7998 and $1961, respectively, as 

compared to the LFT. The annual discount rate (r) is 5% [76]. 

The PV hosting capacity is summarized in Table VII, where the 

partial converter rating inside the HT is swept from 10% to 

20%. The BESS power rating inside the HT is the same as the 

partial converter rating. In these cases, the PV hosting 

constraints are voltage fluctuations outside the limits and 

energy storage requirements to prevent reverse power flow. For 

the HT cases, the energy storage constraint dominates. When 

the BESS power and energy (duration) ratings in the HT cases 

increase, the hosting capacity increases. The PV hosting 

capacity of the SST increases with the BESS energy rating until 

81.25 kW. Beyond 81.25 kW, the voltage constraint dominates, 

which is why further increasing the SST storage duration from 

1 hour to 4 hours cannot increase the PV hosting capacity, as in 

Table VII. 

 Based on the data and parameters above, the IRR of the SST 

and the HT is depicted in Fig. 17 across a range of PV 

TABLE VI 

Capital Cost of Different Equipment 
 

Equipment Cost 

Solid-state transformer 86.2 $/kVA 

Hybrid transformer 31.7 $/kVA 

Line-frequency transformer 25 $/kVA 

PV generation system 1830 $/kW  

Battery energy storage system 190 $/kWh 

 

TABLE VII 

LV-Feeder PV Hosting Capacity of Solid-State Transformer (SST) and 
Hybrid Transformer (HT) under Different Converter and Storage Ratings 

 

Storage (hr) SST (kW) 
HT (kW) 

10%  15% 20% 

0.5 62.50 18.75 20.00 21.25 

1.0 81.25 21.25 22.50 23.75  

2.0 81.25 25.00 27.50 30.00 

4.0 81.25 30.00 36.25 41.25 
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installation up to the corresponding PV hosting capacity, where 

the fractional converter rating inside the HT is swept from 10% 

to 20% and the BESS duration is swept from 0.5 hour to 4 

hours. First, it can be observed that the HT and the SST are not 

yet economically viable in this use case with the IRR below 

zero. Second, with the increase of PV installation, the IRR 

increases in Fig. 17 (a)-(d). However, the slope of the IRR trace 

becomes more flat when the installed PV increases. In fact, the 

effort of accommodating the same incremental amount of PV, 

i.e., voltage regulation and storage to prevent reverse power 

flow, increases when the installed PV approaches the hosting 

capacity limit and the marginal benefit of PV decreases, 

resulting in a more flat slope. Third, with PV penetration around 

18 kW, the 10% HT is economically better with higher IRR in 

Fig. 17 (b)-(d) for 1, 2, 4 hours storage, compared to the larger 

power converter solutions like 20% HT or the SST. Because the 

average US utility BESS duration is 1.7 hours [73], the 10% HT 

can then be regarded as generally better than the 15% or 20% 

HTs for the use case discussed. Fourth, to realize the highest 

possible PV penetration around 80 kW, the SST is needed due 

to the aforementioned reverse-power-flow-related protection 

and market issues. However, the economic viability of the SST 

is not as good with an IRR lower than -6% in Fig. 17 (b) and -

11% in Fig. 17 (d). 

 The NPV with different HTs and the SST across different 

installed PV power and storage durations is portrayed in Fig.  

18. Since the IRR is always negative under the same scenario 

in Fig. 17, projects with larger capital investments like longer-

duration storage or more PV installations will have more 

negative NPV. Under the same PV installation, the NPV of the 

SST is the most negative, because of the largest integrated 

BESS and higher capital cost compared to the HT. In fact, as 

can be observed in Table VI, the unit costs of the BESS and the 

PV are much higher than the LFT, the HT, or the SST, 

dominating the initial capital cost. 

 The sensitivities of the IRR to ±80% PV cost variation and 

±80% BESS cost variation are shown in Fig. 19 and Fig. 20, 

respectively. First, all the solutions including the SST and the 

HT have better IRR with reduced PV or BESS cost. Second, in 

Fig. 19, the IRR of the SST changes less than 3% with the PV 

 
Fig. 17. IRR of the SST and the HT with different controllability under (a) 0.5 

hour, (b) 1 hour, (c) 2 hours, and (d) 4 hours storage duration across a range of 

PV installation up to their PV hosting capacities. At some points with very 

small BESS and PV, and poor profitability, IRRs can become complex numbers 

and not plotted, e.g., HT 10% 0 kW PV in Fig. 17 (a), while the LFT can host 

a small amount of PV as in Table IV. 

 

 

 
Fig. 18. NPV of the SST and the HT with different controllability under (a) 0.5 

hour, (b) 1 hour, (c) 2 hours, and (d) 4 hours storage duration across a range of 

PV installation sizes up to the corresponding PV hosting capacities. 
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cost variation compared to up to 9% with the BESS cost 

variation. This is because the BESS in the SST is large and 

accounts for a larger portion of the total capital cost. The 

opposite holds for the HT, whose IRR is more sensitive to PV 

cost reduction. Third, though in some cases in Fig. 19 (a), the 

IRR can turn positive, the IRR still does not reach 5%-10%, 

which means that the HT and the SST are not economically 

viable for the studied use case. Fourth, the HT has the highest 

IRR for most cases in Figs. 19-20. Therefore, the HT generally 

has better economic viability than the SST with the future PV 

and BESS cost reduction. 

 To further investigate the required capital cost reduction or 

revenue increase to make the SST or the HT solution profitable, 

the sensitivity of the IRR to the two factors is plotted in Fig. 21. 

In Fig. 21 (a), under an aggressive 60% total capital cost 

reduction, the IRR barely turns positive. The IRR is about 10% 

under 80% total capital cost reduction which is less likely in the 

next 5-10 years. In Fig. 21 (b), under 150% revenue increase, 

i.e., yearly benefit increase, the IRR tips above zero. 

 To summarize, with the studied use case and grid services, 

the SST and the HT are not yet economically feasible from a 

system perspective. The HT, especially with a 10% partial 

converter rating, has better economic metrics in most cases. To 

make the use case economically viable, either a significant 

capital cost reduction over 60% is needed or a revenue increase 

over 150% from more service to the utility is required. From 

the capital-cost-reduction aspect, the PV and the BESS cost 

much higher than the SST and the HT, and thus dominate the 

total system cost, which is the key economic factor for the 

penetration of the HT and the SST. Significant cost reductions 

on both PV and storage are needed. From the revenue-

generation aspect, more functionalities of the HT and the SST 

with the integrated storage need to be provided in the future, 

e.g., resiliency enhancement, frequency regulation, etc. Note 

that current storage applications in distribution grids do not yet 

include these services due to implementation, market, or policy 

issues [7]. Moreover, services such as harmonic filtering and 

reactive power compensation are not yet priced in the current 

market [75]. Therefore, the above services are not taken into 

account in the economic assessment. Besides the equipment-

level technical challenges, significant developments are also 

needed to address the implementation, market, and policy 

issues to enable a richer set of SST and HT functionalities, 

along with future cost reduction of PV and BESS systems, for 

possible economic viability in the utility distribution 

transformer application. 

VIII. CONCLUSION 

 Solid-state transformer (SST) and hybrid transformer (HT) 

 
Fig. 19. Sensitivity of the IRR to ±80% PV cost variation. The IRR of the SST 

and the HT with different controllability and 18.75 kW PV under (a) 0.5 hour 

and (b) 4 hours storage duration. 

 

 

 
Fig. 20. Sensitivity of the IRR to ±80% battery cost variation. The IRR of the 

SST and the HT with different controllability and 18.75 kW PV under (a) 0.5 

hour and (b) 4 hours storage duration. 

 

 

 
Fig. 21. Sensitivity of the IRR to (a) total capital cost reduction and (b) revenue 

increase. The IRR of the SST and the HT with different controllability and 

18.75 kW PV under 0.5 hour storage duration. 
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are attractive alternatives to the line-frequency transformer 

(LFT) to mitigate grid-edge voltage fluctuations from increased 

penetrations of renewable energy sources and electric vehicles 

and to conveniently integrate energy storage. With most of the 

work on the SST and the HT focusing on converter level, 

quantitative technical and economic system-level impacts of 

the BESS-integrated SST and HT are reported for the first time, 

to the authors’ best knowledge. Experimental waveforms from 

medium-voltage SST and HT prototypes verify the technical 

feasibility. Especially, the voltage controllability waveforms of 

a medium-voltage HT prototype are reported for the first time. 

Appropriate dispatch and control methods are critical for the 

SST and the HT to realize the controllability and the storage-

integration capability in distribution grids. A voltage control 

method and a BESS dispatch method are proposed to facilitate 

the simulations and implementations of the LFT, the SST, and 

the HT in a modified IEEE 34-bus system. From the 

simulations, it is found out that the SST and the HT with 

integrated storage can simultaneously increase PV hosting 

capacity by 490.91% and 81.82% on the LV feeder, manage 

voltage fluctuation, achieve peak shaving by 51.92% and 

22.47%, prevent reverse power flow, and achieve energy 

arbitrage for operational cost reduction of 21.05% and 5.16% 

as compared to the LFT case. 

 A comprehensive economic assessment on the SST and the 

HT has been performed in terms of net present value and 

internal rate of return across different ratings of the HT, ratings 

of the energy storage, and installed PV power. In addition, 

sensitivity analysis has been performed for variations in PV, 

storage, total capital cost, and revenue. Through the assessment, 

it is found out that the HT and the SST are currently not 

economically feasible. The 10% HT has better economic 

metrics in most cases, compared to the 20% HT or the SST. To 

enable the economic viability of the HT and the SST, further 

capital cost reduction over 60% and revenue generation 

increase more than 150% are needed. The decreasing costs of 

PV and storage, which dominate the system costs, can 

contribute to the capital cost reduction. Besides equipment-

level technical challenges, significant developments are also 

needed to address the implementation, market, and policy 

issues to enable more priced grid service opportunities and 

economic viability in future utility distribution applications of 

the SST and the HT. 
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